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Abstract 
Introduction: Exposure to stressors set in motion inflammatory, cortisol, heart rate 
and mood responses that allow the body to maintain normal healthy function. Severe 
or chronic stressors however, may adversely alter the action of these stress responses 
and lead to adverse health outcomes. Periods of sleep restriction and performing 
physical work are two stressors routinely faced by wildland firefighters, yet the 
combined impact that these demands have on firefighters' acute stress responses is 
poorly understood. Therefore, the objective of this thesis was to investigate the effect 
of physical firefighting work and sleep restriction on firefighters’ cytokine, cortisol 
and heart rate responses, their interactions, and how mood may influence any observed 
physiological changes. 
Methods: Firefighters completed 3-days of simulated wildfire suppression work 
separated by an 8-h (Control condition; n=18; bedtime 22:00-06:00) or 4-h sleep 
opportunity (Sleep restriction condition; n=17; bedtime 02:00-06:00) on each of the 2 
nights. During each work day, participants in both conditions completed multiple work 
circuits that comprised a suite of simulated physical firefighting tasks. Blood samples 
were collected from participants 4 times a day from which plasma cytokine levels 
including IL-6, IL-8, IL-1β, TNF-α, IL-4 and IL-10 were determined. Saliva samples 
for the determination of cortisol were collected 9 times across the day and heart rate 
was measured continuously each day. Finally, firefighters’ mood was assessed 4 times 
each day using the Mood Scale II and 5 times each day using the Samn-Perelli fatigue 
scale. 
Results: Study 1 investigated how restricted sleep while performing physical 
firefighting work affected firefighters’ acute inflammatory responses by measuring 
their cytokine levels. Findings revealed that IL-8 was higher among firefighters who 
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received an 8-h sleep opportunity each night, when compared to those who had a 
shortened sleep opportunity. Firefighters’ IL-6 levels also increased over successive 
days of work, but no significant differences were found between conditions. Increases 
across daily time-points were found across both conditions for IL-6 and IL-4, while 
IL-1β, TNF-α and IL-8 levels decreased across time-points. There were no significant 
changes observed for IL-10. To examine how multiple days of simulated physical 
firefighting work and sleep restriction effect neuroendocrine responses, Study 2 
examined firefighters’ cortisol and heart rate responses as measures of the 
hypothalamic-pituitary-adrenal-(HPA) axis and sympathetic-adrenal-medullary 
(SAM) system respectively. No significant differences were found for cortisol between 
conditions on day 1. However, on day 2 and day 3, the sleep restricted participants 
exhibited a significantly higher daily area under the cortisol curve (AUC) level and 
elevated diurnal cortisol profile in the afternoon and evening when compared with the 
control participants. Firefighters’ heart rate decreased across the 3 days, but there were 
no significant differences found between conditions. Study 3 revealed immune-
endocrine relationships between cytokine and cortisol responses during the 3-day 
deployment with and without restricted sleep. Specifically, a rise in morning IL-6 was 
related to an elevated evening cortisol among firefighters in the sleep restriction 
condition, but was associated with a decreased evening cortisol in the control 
condition. Higher IL-6 levels were related to increased daily cortisol AUC, but this 
relationship was not different between conditions. Less pronounced relationships were 
demonstrated between TNF-α, IL-10, IL-4 and cortisol independent of the sleep 
opportunity and did not persist after adjusting for covariates. In the final study (Study 
4), increases in positive mood dimensions were found to influence a rise in IL-6, IL-8 
and TNF-α in the sleep restriction condition. A rise in negative mood dimensions in 
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the sleep restriction condition were also associated with increased IL-6, TNF-α, IL-10 
and cortisol levels. 
Conclusion: The 4-h sleep opportunity between multiple days of simulated wildland 
firefighting work did not impact cytokine or heart rate responses in excess of any 
disturbance caused by the physical work alone. The findings for heart rate demonstrate 
how exposure to physical work and sleep restriction did not represent an acute risk to 
elevated SAM system activity. Similar to heart rate, the combined stressors did not 
represent an acute inflammatory risk for personnel. However, higher IL-8 and IL-6 
during the multiday deployment, regardless of the sleep opportunity, highlight the need 
to further determine if these acute increases in cytokine levels pose a risk to 
firefighters’ long-term health. Findings further highlight the role an 8-h sleep on the 
fire-ground has in maintaining normal cortisol levels and appropriate immune-
endocrine interactions, specifically between morning IL-6 and evening cortisol. An 
application of the psychophysiological relationships found between mood, cytokine 
and cortisol demonstrate the potential utility of subjective mood as a fire-ground 
indicator of physiological changes. Collectively, this PhD indicates for the first time 
the acute stress response pathways and their interactions through which physical 
firefighting work, with and without restricted sleep may, over time, impact the health 
of personnel. 
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1.1 Background 
Occupational stress is the physiological and psychological responses of an individual 
to work demands (Huang et al. 2011; World Health Organization 2003). Occupational 
demands (or stressors) can be physical, including reduced sleep and physical work 
(Cater et al. 2007; Courtney et al. 2013; Phillips et al. 2012), psychological, such as 
life threatening situations and critical decisions (Elliott et al. 2009; Liberman et al. 
2002), and environmental, for example heat and smoke exposure (Raines et al. 2013; 
Reisen et al. 2011). Physiological stress responses include stress hormone (e.g., 
cortisol), cardiovascular (e.g., heart rate), and inflammatory changes (e.g., cytokines; 
Chandola et al. 2010; Tsigos et al. 2002). These occur in conjunction with observable 
psychological changes such as variations in mood (Kemeny 2007; Smith et al. 1996). 
Physiological and psychological changes in response to an occupational stressor allow 
the body to adapt by achieving renewed stability (or homeostasis) in the function of 
the physiological and psychological stress systems (Lundberg 1999; McEwen et al. 
1999). However, exposure to excessive occupational demands above the level a person 
is capable of coping with, can disturb (e.g., exaggerate or suppress) these physiological 
and psychological responses. Over time, dysregulation of these responses may have a 
damaging effect on physical and mental health (Anisman et al. 2003; Black 2006; 
Chrousos 2000; Mackin et al. 2004; Silverman et al. 2012; Willerson et al. 2004). 
 
Two main views dominate the discussion regarding work-related disturbances to 
physiological and psychological stress responses (National Institute for Occupational 
Safety and Health 1999; Salazar et al. 2000). One view centres on worker 
characteristics such as their personality and their ability to cope mentally (Salazar et 
al. 2000), while the second focuses on the conditions or stressors of work, such as the 
physical demands (National Institute for Occupational Safety and Health 1999; Salazar 
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et al. 2000; Spence 1994). Several strong lines of evidence now point to occupational 
stressors as a major source of altered physiological and psychological responses 
among personnel (Karasek et al. 1990; Sauter et al. 1995). Through chronic changes 
in physiological and psychological stress responses, exposure to occupational stressors 
may be a contributing factor in the development of adverse health outcomes such as 
cardiovascular, metabolic and autoimmune diseases (Chandola et al. 2008; Silverman 
et al. 2012; Willerson et al. 2004) and depression (Anisman et al. 2003; Mackin et al. 
2004). The focus of this thesis is therefore to examine how physical stressors inherent 
to wildland firefighting work (Aisbett et al. 2012) affect physiological and 
psychological stress responses among personnel. Understanding this will provide an 
important first step in determining the long-term impact these demands may have on 
the health of wildland firefighters. 
 
1.2 Wildland firefighting stressors and stress responses 
In Australia, there are ~230,000 volunteer and salaried firefighters who protect people 
and property from a range of natural and manmade threats (Attorney-General’s 
Department and Australasian Fire and Emergency Service Authorities Council 2015; 
Glass et al. 2014), the most devastating of which are wildfires (Australian Institute of 
Criminology 2004). With summers becoming longer and hotter (Bureau of 
Meteorology et al. 2014), the number, severity and length of wildfires are also on the 
rise (Hennessy et al. 2005). Consequently, firefighters are deployed more frequently 
to the fire-ground to defend communities in bigger and longer duration incidents. On 
the fire-ground, wildland firefighters routinely face a unique combination of 
occupational stressors (e.g., physical work, restricted sleep, heat and smoke exposure; 
Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007; Reisen et al. 2011). Two 
common fire-ground stressors for firefighters performing wildfire suppression are 
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physical work and sleep restriction (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 
2007). Existing research shows that wildland firefighters often work consecutive long 
shifts (i.e., 12 to 16-h), which combined with unfamiliar sleeping conditions (i.e., 
noise, camp beds, light, heat etc.), may contribute to shortened sleep opportunities 
between shifts on the fire-ground (i.e., 3 to 4 h; Cater et al. 2007). Within shifts, 
firefighting work can involve short-duration high-intensity physical tasks’ performed 
intermittently for extended periods of time (Cuddy et al. 2007; Phillips et al. 2011; 
Phillips et al. 2012; Phillips et al. 2015). 
 
The physical work and sleep restriction involved in wildland firefighting may elicit 
physiological and psychological responses that are adaptive (Chrousos 1995; Maier et 
al. 1998; McEwen et al. 1999), allowing firefighters to cope with these demands. 
However, repeated exposure to stressors, such as that reported during multi-day 
wildfire deployments (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007) may 
dysregulate these responses and have deleterious consequences for short- and long-
term health. At present however, the effect these common fire-ground demands have 
on wildland firefighters’ acute physiological and psychological stress responses is 
poorly understood. 
 
Firefighting-based research that assesses a range of inflammatory markers is required 
to comprehensively understand the impact physical stressors have on innate immune 
function. Further, determining diurnal cortisol and heart rate responses to occupational 
stressors is important in interpreting whether these neuroendocrine changes 
correspond appropriately to physical occupational demands or reveal an abnormal 
response to stressors. Dysregulation of immune and neuroendocrine function can 
reflect severe acute or chronic elevations in inflammatory markers such as cytokines 
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(Brüünsgaard et al. 2003; Mullington et al. 2010), heart rate and cortisol (Chandola et 
al. 2008; McEwen et al. 1999), as well as an imbalance between inflammatory and 
cortisol responses (Nijm et al. 2007). Such alterations have been associated with 
negative physiological (e.g., cardiovascular and metabolic diseases; Mullington et al. 
2010; Willerson et al. 2004) and psychological health outcomes (e.g., depression; 
Anisman et al. 2003; Mackin et al. 2004; Silverman et al. 2012). Indeed, fire 
suppression activities in the United States of America have been associated with an 
increased risk of death from cardiovascular disease (CVD)-related events (Kales et al. 
2007), while high levels of depression have been reported among firefighters in 
Australia (for a review see Cook et al. 2013), United States of America (Carey et al. 
2011) and South Korea (An et al. 2015). Disruptions to acute immune and cortisol 
activity have also been related to adverse changes in mood (Kemeny 2007; Vgontzas 
et al. 2008), supporting the application of a psychophysiological approach to further 
understand the impact of acute occupational stressors on the body. 
 
1.3 Study aims 
The overall objective of this thesis was to investigate the effect that physical wildfire 
suppression work and sleep restriction have on firefighters’ inflammatory, cortisol and 
heart rate responses, the interactions between the systems, and how mood might 
influence these physiological changes. Firefighters were studied over a 3-day and 2-
night simulated fire-ground deployment in which participants completed physical 
wildfire suppression work, with or without a restricted sleep opportunity on each of 
the nights. Exposure to occupational stressors, such as physical work and sleep 
restriction, is known to elicit an acute inflammatory response causing cells, such as 
macrophages to release cytokines (Maier and Watkins 1998). 
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Study 1 aimed to assess the effect that restricted sleep has on wildland firefighters’ 
inflammatory cytokine levels while performing 3 days of simulated physical 
firefighting work. 
Stress exposure also activates the hypothalamic-pituitary-adrenal (HPA)-axis, causing 
the release of cortisol, the major stress hormone. Further, encountering an occupational 
stressor can activate the sympathetic-adrenal-medullary (SAM) system (Chandola et 
al. 2010; Faulkner et al. 2014) causing alterations in parasympathetic nervous system 
activity, reflected by a change in heart rate (Chandola et al. 2010; Faulkner et al. 2014).  
Study 2 aimed to assess the effect that restricted sleep has on wildland firefighters’ 
cortisol and heart rate responses while performing simulated physical 
firefighting work.  
Interplay between cytokines and cortisol may represent a mechanistic pathway that 
influences these physiological responses to stressors.  
Study 3 sought to quantify the relationship between firefighters’ cytokine and cortisol 
responses to restricted sleep while performing simulated physical work.  
Psychological stress responses, such as changes in mood, may moderate inflammatory 
and cortisol responses to stressors. 
Study 4 examined how changes in wildland firefighters’ mood influence cytokine and 
cortisol levels in response to restricted sleep while performing simulated 
physical work. 
 
1.4 Significance of the research 
Wildland firefighters are routinely exposed to consecutive long shifts of physical work 
separated by restricted sleep opportunities at night (Aisbett et al. 2012; Cater et al. 
2007; Cuddy et al. 2007). At present however, the impact of fire-ground demands on 
inflammatory, cortisol, heart rate and mood responses is poorly understood. Activation 
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of physiological stress responses and their interactions with mood can have negative 
implications to short- (e.g., negative mood; Piazza et al. 2013; Vgontzas et al. 2008) 
and long-term health (e.g., depression and CVD; Anisman et al. 2003; Mullington et 
al. 2010; Silverman et al. 2012; Willerson et al. 2004). Certain firefighting populations 
have been shown to have a high prevalence of CVD and depression (An et al. 2015; 
Carey et al. 2011; Cook et al. 2013; Kales et al. 2007). Therefore, characterising acute 
stress responses to consecutive days of simulated physical work and sleep restriction 
will advance our understanding of how exposure to these demands may be related to 
adverse health outcomes. Quantifying the relationship between cytokine and cortisol 
responses to these demands may offer novel insights for occupational-based research 
into how acute inflammatory responses relate, and potentially signal dysregulated 
HPA-axis activity. Further examining the relationships between physiological and 
mood responses may provide useful information to fire agencies about subjective 
psychological fire-ground indicators of physiological changes.  
 
Together, the potential findings from this thesis will provide insight into the potential 
consequences of shortened sleep and physical work on acute physiological and 
psychological stress responses to inform the management of risk associated with sleep 
restriction during firefighting deployments. In addition to firefighting, the 
comprehensive assessment of inflammatory, neuroendocrine (i.e., cortisol and heart 
rate) and psychological stress responses will provide novel findings for applied stress 
physiology, psychophysiology and sleep research. Furthermore, the results will offer 
a foundation for future research to investigate these physiological and psychological 
stress responses among other occupations with similar periods of physical work and 
sleep restriction to firefighting (e.g., mining, rescue workers). 
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1.5 Note for readers 
Sections of the literature review along with the four experimental studies presented in 
this thesis have either been accepted for publication (Literature Review, Study 1, Study 
2 and Study 3), or are currently under various stages of review (Study 4) in scientific 
journals. Apart from minor edits, the content presented in each of the study chapters is 
identical to that submitted to the respective journals. In addition, each study presented 
has been formatted in accordance with the respective journals submission 
requirements for referencing. Please also note that each of the completed studies were 
prepared for submission concurrently. Therefore, in order to reference and discuss how 
the findings from each of these studies relate to each other, relevant conference 
abstracts have been appropriately referenced in place of studies yet to be published. 
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Note for readers 
Parts of this chapter (i.e., Section 2.5.1) have been published as a review (Appendix 
D: Wolkow, A, Aisbett, B, Ferguson, S and Main, L. (2015) The effects of work-
related sleep restriction on acute physiological and psychological stress responses and 
their interactions: A review among emergency service personnel, International 
Journal of Occupational Medicine and Environmental Health, vol. 28 no. 2, pp 183-
202). However, for comprehensibility of Chapter 2, relevant content from the 
published paper that relates to sleep restriction and stress responses specific to this 
PhD have been incorporated into this chapter. 
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2.1 Overview 
The potential for multiple days of physical work and sleep restriction to impact acute 
stress responses will be discussed in this review of the literature. It begins with an 
overview detailing what stressors are and how the body responds to stressors through 
activation of inflammatory, cortisol and heart rate changes. The diurnal rhythm of 
these physiological changes and how they relate to psychological stress responses (i.e., 
mood) are then described. The focus of this chapter then narrows to critique and 
identify gaps in the firefighting-based literature that has investigated acute 
inflammatory, cortisol and heart rate responses to periods of physical work spanning 
a single shift through to multiple days. The combined impact physical work together 
with sleep restriction has on physiological responses and how mood may influence 
these is then discussed.  
 
Although periods of physical work (i.e., 3 days) and sleep restriction (i.e., 2 nights) 
reflective of a fire-ground deployment are of primary interest for this review, research 
investigating comparable periods of up to seven days and six nights are also included. 
Longer periods however, (e.g., 8-week military training) are not examined, given the 
impact extended stressor exposure has on chronic changes to physiological and 
psychological responses, which lie outside the scope of this thesis. While this chapter 
provides a comprehensive review of firefighting-based literature that has examined 
physical work and sleep restriction, most studies examining these stressors have been 
military-based. Consequently, the balance of literature in this review from different 
groups reflects what is available. Where emergency or firefighting-specific research is 
not available, findings from the wider sleep and exercise literature that have 
investigated similar periods of physical activity and sleep restriction are also reviewed 
and their transferability to firefighters discussed. 
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2.2 Stress responses 
Maintaining stability (or homeostasis) of the physiological and psychological systems 
is vital to the survival of all living human organisms (Chrousos et al. 1992). Extrinsic 
demands (or stressors) can threaten the homeostasis of these systems, but in reply, a 
complex set of physiological and psychological responses are activated to cope with 
the demands and regain stability. This idea was first developed by Walter Cannon 
(1939) in his explanation of the ‘fight or flight’ response to a potentially dangerous 
situation. Hans Selye (1956) extended the work by Cannon (1939) to describe the 
body’s physiological responses to any type of demand as ‘stress’ responses. Selye 
(1956) further explained that while stress responses prepare an organism to adapt, 
depending on the severity of the stressor, responses can also be excessive and 
prolonged, or inadequate; and as a result, the response is no longer adaptive and 
homeostasis is not restored (McEwen et al. 1999). Although first recognised by Selye 
(1956), this concept has been more recently expanded upon by McEwen et al. (1999) 
who put forward the allostatic load model. The allostatic load model describes the 
process by which dysregulation of multiple physiological responses across the body 
creates a maladaptive state that increases the risk of disease (McEwen et al. 1999). 
Indeed, this model is supported by a growing body of research indicating that the 
dysregulation of several inter-related stress responses over time, may lead to 
pathological processes that contribute to negative health outcomes (Elenkov 2008; 
Juster et al. 2010; McEwen et al. 1997). Two of the body’s principal stress responses 
include inflammatory and neuroendocrine changes that involve alterations to cytokine, 
heart rate and cortisol, which are described in further detail below. 
 
Exposure to stressors such as intense physical activity, trauma and infection can cause 
cells such as macrophages and T-cells to release soluble proteins known as cytokines 
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in the immune system (Chrousos 1995; Elenkov et al. 2002; Mastorakos et al. 2005). 
These cytokines facilitate a local inflammatory reaction causing an influx of white 
blood cells (e.g. lymphocytes, neutrophils, monocytes) to heal tissue and clear the 
antigen at the site of inflammation (Pedersen et al. 2000). In turn, pro-inflammatory 
cytokines such as interleukin (IL)-1β, Tumour Necrosis Factor (TNF)-α, IL-8 and IL-
6 (Chrousos 1995) induce a systemic response known as the acute-phase response 
which causes complex and widespread processes throughout the body to return it to a 
state of homeostasis (Moldoveanu et al. 2001; Pedersen, B et al. 2000). Conversely, 
anti-inflammatory cytokines are also produced which aid to inhibit the pro-
inflammatory cytokine response to stress and attenuate inflammation (Opal et al. 
2000). Major anti-inflammatory cytokines include IL-4 and IL-10 (Opal et al. 2000). 
Furthermore, IL-6 and IL-4 cytokines can display both pro- and anti-inflammatory 
actions that modulate inflammation (Brown et al. 1997; Paul 1991; Petersen et al. 
2005; Tilg et al. 1997). For example, under certain conditions such as ‘non-damaging’ 
exercise in the form of moderate intensity cycling, IL-6 has been reported to have anti-
inflammatory and immunosuppressive properties that may negatively control the 
acute-phase response and lower other pro-inflammatory cytokines (Petersen et al. 
2005; Starkie et al. 2003). Together, the pro- and anti-inflammatory processes 
coordinate the body's immune response to stressors (Elenkov et al. 2002; Pedersen et 
al. 2000; Petersen et al. 2005).  
 
However, severe acute or chronic stress exposure can exacerbate the immune response 
resulting in elevated cytokine levels (Elenkov et al. 2002; Padgett et al. 2003). 
Increased cytokine release in response to acute, but severe stressors, has been related 
to the expression of negative mood states such as fatigue (Robson-Ansley et al. 2009; 
Thomas et al. 2011; Vgontzas et al. 2008) and depressive symptoms (Fagundes et al. 
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2013). There is also limited evidence that has linked acute cytokine responses to an 
increased incidence of upper respiratory tract infections (Smith, LL 2003). Meanwhile, 
chronic elevations in cytokine levels have been linked with negative physiological 
(e.g., cadiovascular and metabolic diseases; Grandner et al. 2013) and psychological 
health outcomes (e.g., depression; Anisman et al. 2003; Pizzi et al. 2008; Zunszain et 
al. 2011). The mechanisms linking cytokine and physiological health outcomes are not 
yet fully understood, but growing research indicates that increased cytokine levels play 
a central role in initiating the release of C-reactive protein which facilitates the 
formation of atheroslcerotic plaques and increases the risk of cardiovascular disease 
(CVD; van Leeuwen et al. 2009). Further evidence suggests that increased cytokine 
levels may dysregulate insulin binding and signalling which can lead to insulin 
resistance (Black 2006). Elevated cytokine levels have also been implicated in the 
development of depression via the ability of cytokines to impair neuronal plascity and 
neuroendocrine and neurotransmitter (e.g., monoamine) activity (Dantzer et al. 2008; 
Hayley et al. 2005). 
 
The stress-induced release of cytokines stimulates the secretion of corticotropin-
releasing hormone (CRH) from the hypothalamus (Chrousos 1995; Elenkov et al. 
2002; Mastorakos et al. 2005). The release of CRH activates the hypothalamic-
pituitary-adrenal (HPA)-axis, which is associated with the expression of 
adrenocorticotropic hormone (ACTH) in the anterior pituitary gland (Chrousos 1995; 
Elenkov et al. 2002; Maier et al. 1998; Mastorakos et al. 2005; Padgett et al. 2003). 
The ACTH molecules then circulate in the bloodstream to the adrenal cortex where 
they stimulate the release of cortisol, the major stress hormone (Mastorakos et al. 2005; 
Padgett et al. 2003). Stress exposure also causes the hypothalamus to activate the 
sympathetic-adrenal-medullary (SAM) system resulting in the release of 
Chapter 2  Literature Review 
 
31 
 
catecholamines (epinephrine and norepinephrine; Chandola et al. 2010; Faulkner et al. 
2014). Catecolamines can reduce activity of the parasympathetic nervous system, 
resulting in an increased heart rate (Chandola et al. 2010; Faulkner et al. 2014). Indeed, 
heart rate has been found to directly correlate with catecholamine levels in response to 
simulated and real-world stressors such as physical work (Planz et al. 1975; Salvadori 
et al. 2003). Furthermore, heart rate as a measure of SAM activity may be less 
impacted by factors such as diet (e.g., vanilla products, caffeine) nicotine, gender and 
body weight which strongly influence the measurement of epinephrine and 
norepinephrine levels in the blood and urine (Lundberg 2008). Therefore, research 
supports the use of heart rate as a measure of SAM system activity (Sluiter et al. 2000). 
To cope with a stressor, some activation of these neuroendocrine functions is expected, 
however exposure to severe acute or chronic stressors can exacerbate the HPA-axis 
and SAM system resulting in the sustained elevation of cortisol and heart rate 
(Chandola et al. 2008; Meier-Ewert et al. 2004; van Leeuwen et al. 2009). 
 
Chronically altered cortisol and heart rate responses may have negative consequence 
for health (Chandola et al. 2008; Mackin et al. 2004). For instance, several lines of 
enquiry have demonstrated how dysregulated cortisol levels may lead to endothelial 
dysfunction (for a review see Poitras et al. 2013) and a greater extent of coronary artery 
calcification (Dekker et al. 2008; Hamer et al. 2010) and intima media thickness (Eller 
et al. 2005) which are indicators of atherosclerosis. Further evidence indicates that 
extended exposure to a stressor can dysregulate the cortisol response and contribute to 
mood disorders such as depression (Hayley et al. 2003; Hayley et al. 2005). Indeed, 
altered cortisol levels have been linked to structural and functional abnormalities of 
the prefrontal cortex, amygdala and hippocampus (Dedovic et al. 2010; Holsboer 
2000), which along with other potential changes (for a review see McEwen 2005; 
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Zunszain et al. 2011), are proposed as likely mechanisms responsible for adverse 
psychological functioning in response to stressors. Furthermore, recent research has 
reported that an increase in resting heart rate is associated with a heightened risk of 
future heart failure in asymptomatic individuals (Opdahl et al. 2014). For susceptible 
people with atherosclerotic disease, hereditary or congenital cardiovascular 
abnormalities, acute increases in heart rate in response to intense exercise or physical 
work has been further linked to an increased risk of acute adverse cardiovascular 
events such as a myocardial infarction (Jouven et al. 2005; Thompson et al. 2007). 
 
An important bi-directional feedback loop exists between cytokines and cortisol that 
modulates an adequate response to stressors (Elenkov 2008; McEwen et al. 1997; 
Turnbull et al. 1999). Pro-inflammatory cytokines (e.g., IL-1β, IL-6 and TNF-α) are 
potent activators of the HPA-axis and trigger the release of cortisol (Maier et al. 1998). 
In turn, cortisol negatively feeds back on the immune system via glucocoticoid 
receptors to suppress the production of pro-inflammatory cytokines engaged in 
activation and proliferation, thereby limiting the extent of the inflammatory response 
to stressors (Besedovsky et al. 2000; Chandola et al. 2010; Mastorakos et al. 2005; 
Silverman et al. 2012). This fundamental relationship between cortisol and cytokines 
is central to maintaining homeostasis of the immune and endocrine systems in response 
to a stressor (Petrovsky 2001; Turnbull et al. 1999). However, research suggests that 
exposure to chronic or particularly intense levels of acute stressful stimuli can impair 
glucocorticoid receptors (e.g., down regulation, reduced expression, nuclear 
translocation; Kunz-Ebrecht et al. 2004; Mackin et al. 2004; Silverman et al. 2012). 
As a result, glucocorticoid receptor abnormalities can reduce the capacity of the 
immune system to lower inflammation in response to a stressor, resulting in 
persistently increased cytokine and cortisol levels (Elenkov et al. 2002; Silverman et 
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al. 2012). These two maladaptations, both individually and together, have been linked 
to adverse health outcomes including depression and CVD (Boscolo et al. 2008; 
Elenkov et al. 2002; Heinz et al. 2003; Huang et al. 2011; Kunz-Ebrecht et al. 2004; 
Lutgendorf et al. 2008; Mackin et al. 2004; Maier et al. 1998; Miller et al. 2007; Nijm 
et al. 2009; Silverman et al. 2012). Interplay between stress systems and their potential 
combined effects on the body support the concept of allostatic load (McEwen et al. 
1999) referred to at the beginning of this section. To understand the effects of stressors 
on the body, future research should adopt a multivariate approach to study the immune, 
HPA-axis and SAM system stress responses and how they interact with each other. 
 
2.3 Stress responses and diurnal rhythms 
Stress responses, in particular cortisol, follow marked diurnal rhythms under normal 
conditions (Petrovsky 1998; Petrovsky et al. 1998). Intense or frequent exposure to a 
stressor may cause diurnal disruption to these responses (Alesci et al. 2005; Miller et 
al. 2007; Murray 2007; Sapolsky et al. 2000), which over time, has been linked to 
adverse health outcomes including CVD, diabetes and depression (Cohen et al. 2006; 
McEwen et al. 1999). Accordingly, the severity and impact of a stressor can be viewed 
by gauging the disruption it imposes on the normal diurnal rhythm of cortisol (Golden 
et al. 2011). 
 
The diurnal release of cortisol is characterised by a morning rise, followed by a gradual 
decline during the afternoon, through to a nadir in the evening (Miller et al. 2007), but 
exposure to stressors is capable of disrupting this normal, tightly controlled rhythm. 
For instance, in a meta-analysis, Miller and colleagues (2007) concluded that chronic 
physical stress lowers the morning peak of cortisol and elevates the evening nadir, 
resulting in a flattened circadian profile and increased overall daily release of this 
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hormone. To accurately assess changes in the diurnal profile/curve of cortisol, research 
firmly supports the collection of multiple cortisol samples (i.e., ≥ 5 samples) across 
the day (Edwards et al. 2001; Golden et al. 2011; Hruschka et al. 2005; Kraemer et al. 
2006; Ranjit et al. 2009). Sampling cortisol frequently across the diurnal curve also 
allows for determining the cortisol output over a specific time period, such as a day 
(Pruessner et al. 2003). This is referred as the daily Area Under the cortisol Curve 
(AUC) and can be calculated from multiple cortisol samples (i.e., ≥ 3) using the 
trapezoid method (Pruessner et al. 2003). The daily cortisol AUC takes into account 
unequal time intervals between samples (Smith, TW et al. 2007). Furthermore, the 
AUC measure provides information on day–to-day changes in overall cortisol release 
to complement the assessment of time-point changes in the diurnal cortisol profile 
using multilevel models (Hruschka et al. 2005; Smith, TW et al. 2007). 
 
The diurnal pattern of inflammatory cytokines exhibit an ascending profile during the 
day and peaks in the late evening or early morning, during the nadir in cortisol 
(Gudewill et al. 1992; Lemmer et al. 1992; Petrovsky et al. 1998; Sothern et al. 1995). 
The immuno-suppressive properties of cortisol may explain the inverse relationship 
between the diurnal rhythm of pro-inflammatory cytokines and cortisol (Petrovsky 
1998; Petrovsky et al. 1998). But unlike cortisol, the effect that stressors have on the 
diurnal rhythm of cytokines is less understood and requires further investigation before 
clear patterns of diurnal dysregulation can be identified. Research to date has 
quantified diurnal changes in plasma cytokine levels using protocols that measure two 
samples per day (i.e., morning and afternoon; Altara et al. 2015) through to collecting 
plasma at 3-h (Sothern et al. 1995) to 1-h intervals over a 24-h period (Vgontzas et al. 
2005). 
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Similar to physiological responses, psychological responses to stress such as mood 
have been associated with a diurnal rhythm (Steptoe et al. 2011). For instance, mood 
dimensions related to positive affect (e.g., happiness, activation) among healthy adults 
are lowest in the morning followed by a gradual rise through the day to a peak between 
12:00 and 13:00, before declining later in the evening (Steptoe et al. 2011; Stone et al. 
1996). Meanwhile, mood dimensions related to negative affect (e.g., fear, anxiousness, 
worried) are most pronounced in the morning and then decrease progressively over the 
day (Kahneman et al. 2004; Steptoe et al. 2011). Evidence that cortisol, cytokine and 
mood responses exhibit distinct diurnal profiles supports the use of multiple daily 
samples (i.e., > 4 samples; Steptoe et al. 2011) to identify potential disruption to 
diurnal changes in these responses to inherent firefighting stressors such as physical 
work and sleep restriction. 
 
2.4 Psychophysiological relationships between stress responses 
From the time of the ancient Greeks, psychological wellbeing has been believed to 
interact with physical states (Sternberg et al. 2002). Understanding the relationships 
between physiological and psychological systems involve research in the field of 
psychophysiology, which is concerned with the connections between the brain, 
thoughts, moods and emotions, behaviour and the neuroendocrine and immune 
systems (Cacioppo et al. 2007). This area of research is in line with the allostatic load 
model of stress (McEwen et al. 1999) which supports the investigation of interactions 
between multiple responses to understand the effects that different stressors have on 
the body. 
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 Mounting evidence indicates that changes in affective states (i.e., moods or emotions 
as distinguished from cognition or behaviour), are linked to inflammatory and HPA-
axis stress responses (for a review see Kemeny 2007 and Marsland et al. 2007; 
Mittwoch-Jaffe et al. 1995). Evidence indicates that positive (e.g., happiness) and 
negative emotions (e.g., sadness and provoked anxiety) are associated with distinct 
patterns of central nervous system activation such as increased activity of the frontal 
and temporal lobes and specific parts of the limbic system such as the hypothalamus 
(Canli et al. 2001; Damasio et al. 2000). Neural systems generate regulatory signals to 
control homeostasis. Therefore, given that activation of these neural systems may 
impact differently on immune and endocrine responses, it has been proposed that 
cortisol and cytokines respond in different patterns depending on the affective state 
(Kemeny 2007).  
 
Moods are affective states that can be categorized as either positive or negative. To 
date, few studies have explored the relationships between positive mood and 
physiological changes (Barak 2006; Marsland et al. 2007). Conversely, research 
linking negative mood to indicators of immune, and to a lesser extent HPA-axis 
function, has received greater attention (Kemeny 2007; McEwen 2005; Vgontzas et al. 
2008; von Känel et al. 2008; Wright et al. 2005). Communication relationships 
between the brain and changes in cortisol and cytokine levels are known to be bi-
directional (Maier 2003; Maier and Watkins 1998). Moreover, research has explored 
how both positive and negative mood states in simulated laboratory environments may 
modulate these parameters of the immune system and HPA-axis (Kemeny 2007; 
Marsland et al. 2007). For example, in simulated laboratory-based settings negative 
mood such as acute shame has been associated with increases in cortisol (Dickerson 
and Kemeny 2004; Gruenewald et al. 2004) and TNF-α receptor levels which is an 
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indicator of pro-inflammatory cytokine activity (Dickerson et al. 2004). Conversely, 
mild positive mood induction (i.e., watching a humorous video) has been found to 
elicit a decrease in TNF-α and increases in IL-2 and IL-3 (Mittwoch-Jaffe et al. 1995). 
However, this research is limited and has not investigated how positive mood 
moderates other cytokines such as IL-6, IL-1β, IL-10, IL-4, IL-8 or cortisol. Therefore, 
assessment of the relationships between mood (both positive and negative) and 
cytokine and cortisol will allow future research to better understand the 
psychophysiological impact of stressors. 
 
When studying the interactions between mood and physiological systems, it is 
important to note that stressor-induced changes in psychological processes may 
coordinate physiological responses that form adaptations necessary for maintaining 
homeostasis (Dhabhar et al. 2006; Maier et al. 1998). For example, positive mood and 
immune function may have a curvilinear relationship, with small to medium changes 
in mood increasing cytokine release to cope with a given stressor (Barak 2006; Koh 
1998; Marsland et al. 2007). However, exposure to prolonged or severe stressors may 
dysregulate responses, such as concomitant acute increases in mood and inflammatory 
responses, which over time, have been implicated in the pathophysiology of depression 
in clinical and animal-based studies (Dantzer 2006; Dantzer et al. 2008). Therefore, 
examining psychophysiological relationships to acute stressors in simulated 
environments may help predict how longer-term or repetitive stressor exposure (e.g., 
across a firefighting career) influence these responses and subsequently, impact on 
long-term health. 
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2.5 Firefighting stressors and stress responses 
Physical wildfire suppression work together with periods of restricted sleep are two 
stressors routinely faced by firefighters deployed to fight large wildfires (Aisbett et al. 
2007; Cater et al. 2007; Cuddy et al. 2007). Observational research from the fire-
ground indicates that Australian wildland firefighters are required to work multiple 
shifts (i.e., 3 to 4 days) separated by compromised sleep opportunities (3 to 6 h sleep 
between shifts; Cater et al. 2007). Within a shift, firefighting work can involve short-
duration high-intensity physical tasks performed intermittently for extended durations 
(i.e., 12 to 16-h; Aisbett et al. 2007; Cuddy et al. 2007). Occupational stressors such 
as sleep restriction and physical work are capable of dysregulating cortisol, heart rate 
(Chandola et al. 2010), inflammatory (Huang et al. 2011) and mood responses 
(Wellens et al. 2006) linked to adverse health outcomes (McEwen 2005; Opdahl et al. 
2014; Rosmond et al. 2003; Violanti et al. 2009; Willerson et al. 2004). Therefore, it 
is crucial to determine whether physical wildfire suppression work and sleep 
restriction have an acute adverse effect on the functioning of these stress responses 
among personnel. At present, however, the effect these common fire-ground stressors 
have on firefighters’ cytokine, cortisol and heart rate responses, their interactions and 
how mood might influence these physiological changes is poorly understood. 
 
2.5.1 The impact of physical firefighting work on acute inflammatory, cortisol 
and heart rate stress responses 
Firefighting-based research has quantified physiological stress responses following the 
one-off performance of individual physical work tasks in live-fire and simulated 
conditions (Glickman-Weiss et al. 1995; Horn et al. 2013; Smith, D et al. 1996). More 
commonly however, wildfire suppression requires personnel to perform multiple work 
bouts for extended periods (i.e., up to 12 to 16 h) over multiple days (i.e., 3 to 5 days; 
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Aisbett et al. 2007; Cater et al. 2007; Cuddy et al. 2007). Therefore, this section of the 
review will focus on what impact, if any, one or more shifts of physical firefighting 
work has on physiological stress responses. In Australia, firefighters are typically 
rostered to work 12-h day shifts, but shifts can also be shorter and last half a day (i.e., 
4-h) as fires flare in the afternoon heat or at times last longer periods such as over 16-
h to manage increases in the threat of wildfire to people and property (Cater et al. 2007; 
Phillips  et al. 2007). Therefore, for the purposes of this review, a shift is defined as an 
extended work period lasting between 4 and 16-h performed during the day. Focusing 
on the impact of physical work on stress responses allows this review to forecast 
change in cytokine, cortisol and heart rate variables over time (within/between shifts) 
before examining what additional effect sleep restriction may have. In addition to the 
limited firefighting research, insights will be provided from exercise- and military-
based studies that have investigated the effects that similar physical work demands 
have on participants. For instance, given that wildland firefighting involves repeated 
exposures to physical work tasks across a shift (Aisbett et al. 2007; Cater et al. 2007; 
Cuddy et al. 2007), available research examining multiple bouts of exercise or military 
tasks across a similar duration will be presented. 
 
2.5.1.1 A single shift of physical work and cortisol, heart rate and cytokine responses 
Research is yet to investigate how a single shift of physical wildfire suppression work 
impacts cytokine levels among firefighters. Repeated bouts of moderate intensity 
physical activity across a single day can however, have a cumulative positive impact 
on several pro-inflammatory cytokines (Degerstrom et al. 2006; Ronsen et al. 2002). 
In particular, plasma levels of IL-8 are known to demonstrate a pronounced increase 
in response to long duration physical activity such as running (Pedersen et al. 2008). 
For instance, Degerstrom et al. (2006) investigated cytokine responses following two 
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30-minute exercise bouts on a treadmill at 80% of maximal volume oxygen 
consumption (VO2max) separated by a 4-h rest interval. Participants’ IL-8 levels 
increased 70% above (P = 0.022) baseline after the first bout, but had returned to 
baseline after the 4-h rest (Degerstrom et al. 2006). The second bout of exercise 
induced a 100% higher rise in IL-8 than the first bout (P = 0.005), however, no 
significant change in IL-6 was detected after either bout (Degerstrom et al. 2006). It is 
possible that longer physical activity durations such as repeated 1-h periods of 
intermittent physical work completed in firefighting (Aisbett et al. 2007; Phillips et al. 
2011), impact the rise in IL-6 differently. For instance, Ronsen et al. (2002) 
investigated repeated exercise bouts of a similar duration to wildfire work and found 
that a second 65-minute bout of cycle exercise at 75% VO2max performed after only 
3 h of recovery resulted in a further increase in peak IL-6 (+ 3.6 pg/mL; P = 0.025). 
Comparisons between the limited exercise-based research and the reported demands 
involved in wildland firefighting work suggest that firefighters may be at risk of acute 
increases in IL-6 and IL-8. 
 
Moderate to high working heart rates have been reported among firefighters 
performing shifts of live (Raines et al. 2013; Rodríguez-Marroyo et al. 2012) and 
simulated wildfire operations (Budd et al. 1997b). For instance, Budd et al. (1997b) 
reported mean working heart rate of 152 ± 14 beats/minute among firefighters during 
an afternoon shift (~ 5 h) of wildfire suppression activities in controlled burn 
conditions. In live-fire conditions, Raines et al. (2013) reported that firefighters spent 
51 ± 41% and 4 ± 9% of the 9 h shift in moderate (55 to 69% of heart rate max) and 
hard heart rate zones (70 to 89% of heart rate max), respectively. Rodrỉguez-Marroyo 
and colleagues (2012) also reported elevated mean heart rate among firefighters 
completing live wildfire suppression activities lasting < 1 h (133 ± 2 beats/minute), 1-
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3 h (128 ± 1 beats/minute), 3-5 h (120 ± 3 beats/minute) and > 5 h (116 ± 32 
beats/minute) which are considered near moderate. Interestingly, Rodrỉguez-Marroyo 
(2012) found firefighters’ mean heart rate and percentage mean heart rate max were 
higher in wildfires lasting shorter periods of time, indicating a trend towards a decrease 
in relative heart rate with longer duration wildfires. Similar decreases in working heart 
rate across long periods of intermittent exercise- and physical military-based tasks 
have also been observed (Dabrowski et al. 2012; Lucas et al. 2008). The decreased 
heart rate response may be due to the pace (Rodríguez-Marroyo et al. 2012), intensity 
and nature (e.g., reduced use of hand held firefighting tools; Budd et al. 1997a; Budd 
et al. 1997b) of wildland fire suppression work decreasing with longer duration fires, 
resulting in a decreased heart rate response. Furthermore, individuals becoming 
increasingly more economical in executing the required actions to complete the 
physical work may also explain the reduced heart rate response. Practice-related 
effects in response to repeated exercise performance have been found to reduce the 
internal mechanical work needed to coordinate the limbs, resulting in reduced 
metabolic energy expenditure, and therefore heart rate (Sparrow et al. 1999). Reduced 
heart rate could have also resulted from attenuated sympathetic nervous system 
activation (Dabrowski et al. 2012; Konishi et al. 2013), suggesting a potentially 
adaptive response of the SAM system when exposed to these demands. 
 
Unlike heart rate, research is yet to investigate firefighters’ cortisol levels in response 
to a single shift of physical wildfire work. Some insights, can be gained from military- 
and exercise-based studies which have reported an increase in soldiers’ mean cortisol 
levels following multiple bouts of simulated physical work performed over one day 
(Porta et al. 1993). Porta and colleagues (1993) measured soldiers’ cortisol levels 
following a single 15 minute bout of exhaustive cycle ergometric work (i.e., baseline; 
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100 watts with 50 watt increment every 3 minutes to a maximum workload of 350 
watts). Seven days later, the same soldiers underwent a difficult 2.5-h mountain climb 
and subsequent 1.5-h rest followed by the same 15 minute cycle ergometric work 
(Porta et al. 1993). While there was no significant change in cortisol following the one-
off performance of the cycle ergometric test, the combined mountain climb and cycle 
ergometric test, resulted in a 2-fold increase in cortisol from baseline (i.e., before 
ergometric test; P < 0.001). Previous exercise-based research by Ronsen et al. 2001 
and Sari-Sarraf et al. 2007 confirmed that following a 2.25-h or 3-h rest period, a 
second bout of either moderate- or high-intensity physical activity performed for 65 or 
90 minute durations respectively, can elicit significant increases in cortisol when 
compared to a single bout of identical physical activity. Overall, physical activity 
levels can remain quite stable across a shift of firefighting work (Cuddy et al. 2007; 
Raines et al. 2013). Therefore, the above findings highlight that two or more repeated 
bouts of similar intensity physical activity could lead to an exacerbated cortisol 
response. Moreover, the rest periods between work bouts ranged from 1.5-h to 3-h in 
the available research (Porta et al. 1993; Ronsen et al. 2001; Sari-Sarraf et al. 2007), 
which may have been inadequate to restore cortisol levels to normal resulting in the 
cumulative increases reported.  
 
The available exercise research has examined the inflammatory, cortisol and heart rate 
responses to similar physical workloads to firefighting (i.e., repeated bouts of physical 
work over a single day). Further investigations are needed to understand how wildfire-
specific work demands affect firefighters’ cytokine and cortisol levels. Wildland 
firefighting work incorporates a large component of intermittent weight bearing 
manual handling tasks (Phillips et al. 2012) which involves components of muscular 
endurance not captured by the aerobic activity in exercise studies, such as upper body 
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eccentric loads. To date, tasks involving eccentric concentrations such as running have 
been shown to have a more pronounced impact on IL-8 and IL-6 when compared to 
concentric contractions (Pedersen et al. 2008). Although similarities in the duration of 
work between firefighting and exercise-based studies exist, additional research needs 
to confirm if the manual handling-based work involved in wildfire suppression elicits 
changes in IL-6 and IL-8. Moreover, differences between shorter 1-h repeated bouts 
of intermittent work involved in firefighting, and the longer (i.e., 1.5 or 2.5-h) periods 
of activity investigated in exercise and military-based research may impact cortisol 
levels differently. Therefore, the potential for under- or over-estimating cytokine and 
cortisol responses for wildfire personnel supports the need for future wildfire-specific 
research. 
 
2.5.1.2 Consecutive shifts of physical work and cytokine, heart rate and cortisol stress 
responses  
Wildfire suppression work can expose personnel to physical work demands over 
consecutive days/shifts (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007). 
However, little is known regarding the impact repeated long days of intense 
intermittent physical work has on firefighters' acute inflammatory, cortisol and heart 
rate responses. Currently, research by Main and colleagues (2013) is the only study to 
have investigated how consecutive days of live-fire prescribed burn work impacts 
cytokine levels. Pre- and post-shift blood sampling revealed an increase in firefighters’ 
IL-6, IL-1β, IL-7 levels across the first 12-h work day, while IL-5, IL-10 and TNF-α 
levels decreased (Main et al. 2013). Firefighters’ IL-6 levels, along with IL-1β, IL-8 
and IL-4 all exhibited an attenuated response across the second 12-h day of wildfire 
work relative to the first shift (Main et al. 2013). After an initial rise on day one, the 
decrease in cytokine levels on the second shift may indicate an appropriate cytokine 
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response to maintain homeostasis of the immune system. For instance, IL-6 (Pedersen 
et al. 2007; Petersen et al. 2005; Starkie et al. 2003; Tilg et al. 1997) and IL-4 (Tilg et 
al. 1997) has anti-inflammatory properties that lower pro-inflammatory cytokines, 
namely IL-β and TNF-α involved with systemic inflammation (Bruunsgaard 2005; 
Pedersen et al. 2008). The immune system also interacts with cortisol via the bi-
directional feedback loop and in turn, cortisol may suppress cytokine activity (see 
Section 2.2 for further details; Turnbull et al. 1999) providing further explanation for 
the attenuated cytokine levels observed by Main and colleagues (2013) among 
wildland firefighters. The decrease in cytokine levels may be further explained by a 
possible reduction in the intensity and/or duration of work bouts between days that 
reflect the later and less intense stages of wildfire suppression activities (Budd et al. 
1997a, 1997b; Rodríguez-Marroyo et al. 2012). While the Main study (2013) provides 
the only insight into how multiple shifts of work on the fire-ground impact firefighters’ 
immune system, it did not control or measure the duration or intensity of work bouts, 
sleep duration between shifts or environmental demands (e.g., heat, smoke etc.), nor 
were related stress responses examined (e.g., cortisol). Accordingly, future research 
should measure physical work through the use of activity monitors and/or 
observations, and where possible, control the timing of work bouts to understand how 
these demands, as distinct from other potential stressors (e.g., smoke, ambient 
temperatures etc.), directly influence cytokine levels.  
 
In addition to cytokines, incorporating related stress system measures such as cortisol 
(McEwen et al. 1997) may help to further elucidate acute inflammatory changes to 
occupational demands. For instance, the release of cortisol following acute maximal 
exercise (i.e., graded treadmill exercise test to 100% VO2max) was found to suppress 
IL-1β and TNF-α levels, but had no effect on IL-6, resulting in sustained high levels 
Chapter 2  Literature Review 
 
45 
 
of this cytokine (DeRijk et al. 1997). These findings suggest that IL-6 could be more 
resistant to the effects of cortisol under physical stress (DeRijk et al. 1997). Chronic 
exposure to physical stressors could therefore restrict the immune system’s capacity 
to react to cortisol and downregulate inflammatory responses resulting in heightened 
inflammation (Desantis et al. 2012), which could have an adverse impact on health 
(McEwen et al. 1997; Miller et al. 2002). Alternatively, DeRijk et al. (1997) suggested 
that if IL-6 is acutely resistant to cortisol, then the sustained release of IL-6 may exert 
its immunosuppressive effects on IL-1β and TNF-α and protect against an excessive 
release of these pro-inflammatory cytokines. However, further research is needed to 
understand the degree to which cytokine and cortisol activity is related. This 
integrative approach to assessing multiple stress responses affords greater potential 
insight into the severity of stress system changes on the body after encountering a 
stressor (McEwen et al. 1999; O'Leary 2014). 
 
To date, there has been limited emergency service-based research investigating the 
impact consecutive days of physical work has on heart rate or cortisol. Mean heart rate 
among soldiers exposed to four days of long-distance marching did not differ 
significantly between days (Väänänen et al. 2002), indicating that the participants were 
able to successfully maintain a similar intensity of work across the march. In this study, 
Väänänen et al. (2002) reported an increase in mean cortisol at 13:00 following the 
first work day, after which there was a decrease in afternoon levels compared to the 
previous morning sample that continued for the remainder of the study. Furthermore, 
cortisol levels were reported to remain, for the most part, within the normal reference 
range for adults (Väänänen et al. 2002). While the authors (Väänänen et al. 2002) 
suggested that participants’ cortisol response may have only taken a single day to adapt 
to this type of work, resulting in the unchanged response on the subsequent days of 
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marching, previous exercise-based studies have reported that cortisol stabilises after 
three or more days of physical work (Fellmann et al. 1992; Marniemi et al. 1984). 
Therefore, it is possible the findings for cortisol and heart rate indicate that the physical 
work investigated in this study (Väänänen et al. 2002) may not have been a significant 
enough stressor to disrupt these responses. 
 
Research by Väänänen and colleagues (2002) provides the only emergency service-
based findings relating to the direct impact of consecutive days of physical work on 
HPA-axis and SAM system responses. Despite this, the long-distance marching 
investigated (Väänänen et al. 2002) is different to the intermittent, manual handling 
work involved in wildland firefighting (Phillips et al. 2012). To investigate how these 
wildfire-specific demands impact heart rate in hot weather, Raines et al. (2015) 
measured the time firefighters spent at or above 70% of heart rate max across 
consecutive work days. Firefighters spent more time ≥ 70% heart rate max across the 
first shift than on day two (Raines et al. 2015). Unlike day two in which firefighters 
were euhydrated as determined by plasma osmolality, firefighters were not euhydrated 
on day one (Raines et al. 2015). Raines et al. (2015) therefore suggested that a 
hypohydration-mediated increase in heart rate may explain the greater amount of time 
spent in this heart rate zone on day one. While differences did not exist in firefighters’ 
physical activity profile measured objectively across days, Raines and colleagues 
(2015) acknowledged that it was not possible to determine if work tasks were 
completed for similar durations on each day, which if different, could impact heart 
rate. Accordingly, further research, specific to the demands of wildland firefighting is 
needed to understand the specific impact (if any) these physical work demands have 
on firefighters’ acute cortisol, heart rate and inflammatory stress responses over 
consecutive days. This research would provide fire agencies with a first insight as to 
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whether further precautions are needed to mitigate against the possibility of adverse 
stress responses and the risk they pose to the health of personnel as a result of the 
physical work. 
 
2.5.2 The impact of sleep restriction and physical work on cytokine, cortisol and 
heart rate responses, and how psychological changes may influence physiological 
responses 
2.5.2.1 The effects of sleep restriction and physical work on cytokine responses 
A high prevalence of sleep disturbances and shortened sleep have been reported among 
firefighters (both wildland and urban) and personnel in other physically demanding 
emergency service occupations such as the police or military (Carey et al. 2011; Cater 
et al. 2007; Neylan et al. 2002). Despite this, no wildland firefighting-based research 
to date has investigated the specific impact restricted sleep has on inflammatory 
responses. Pro- and anti-inflammatory cytokine levels have, however, been 
investigated in response to sleep restriction during physical exercise and military work 
(Abedelmalek et al. 2013; Bøyum et al. 1996; Gundersen et al. 2006; Lundeland et al. 
2012), though the findings remain somewhat equivocal. For example, Bøyum et al. 
(1996) reported a decrease in IL-6 but no change in IL-1β and IL-4 levels among 
military personnel during 5 to 7 days of continuous simulated physical military 
training, shortened sleep (i.e., 2 to 3-h of total sleep) and calorie restriction. The 
decline in IL-6 reported by Bøyum et al. (1996) is in contrast to findings from studies 
examining mild to modest (4 to 6-h sleep per night) sleep restriction for similar 
durations in the absence of physical work, which have demonstrated an increase in 
daily IL-6 levels among healthy adults (Bhatt et al. 2015; Pejovic et al. 2013) and TNF-
α in men (Vgontzas et al. 2004). However, Bøyum and colleagues (1996) did speculate 
that the findings for inflammatory markers were confounded by occupational factors 
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not controlled for, such as food and fluid intake. But while Bøyum et al. (1996) 
proposed an excessive fluid intake may have caused plasma expansion and reduced 
IL-6, this is questionable as more recent evidence indicates that hemodilution can 
increase IL-6 concentration (Hightower et al. 2012; Swart et al. 2011), inferring that 
another uncontrolled factor(s) may explain the findings (e.g., medications or calorie 
restriction). Alternatively, IL-6 may have been down-regulated by the 
immunosuppressive actions of anti-inflammatory cytokines (e.g., IL-10 and IL-4) and 
cortisol. But as these additional biomarkers were not reported by Bøyum et al. (1996), 
it is difficult to detect, with certainty, the interplay between responses which underlie 
inflammatory changes to physical work and sleep restriction. Subsequent studies 
should therefore examine multiple inter-related responses to help interpret the impact 
of stressors on immune and HPA-axis stress systems. 
 
In contrast to the findings reported by Bøyum and colleagues (1996), Abedelmalek et 
al. (2013) found that IL-6 along with TNF-α increased (+ 0.5 pg/mL and + 0.7 pg/mL, 
respectively; estimated from graphs provided) among healthy adults exposed to a 
restricted 4.5-h sleep opportunity followed by multiple bouts of interval exercise (4 ° 
250-meter runs). Unlike the available military-based studies (Bøyum et al. 1996; 
Gundersen et al. 2006; Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981), 
Abedelmalek et al. (2013) included an 8-h sleep opportunity condition for comparison 
with the restricted sleep condition and closely controlled for variables that can impact 
immune function, such as the duration and timing of the sleep restriction period and 
pre-exercise food and fluid intakes. Further, unlike the military-based studies (Bøyum 
et al. 1996; Gundersen et al. 2006; Lundeland et al. 2012; Opstad 1994; Opstad et al. 
1981), Abedelmalek et al. (2013) examined an early phase sleep opportunity (22:30-
03:00). Wu et al. (2010) found 4 nights of 3-h early phase sleep restriction caused a 
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larger reduction in rapid-eye-movement (REM) sleep compared with later-night sleep 
restriction. Research in animal models indicate that a reduced amount of REM sleep 
may have a positive association with increased IL-6 (Pandey et al. 2011) and TNF-α 
levels (Venancio et al. 2014; Yehuda et al. 2009) and explain one pathway through 
which sleep length disrupts sleep architecture, which in turn modulates inflammation. 
Therefore, the advanced timing of the sleep restriction phase investigated by 
Abedelmalek et al. (2013), together with the controlled study conditions may explain 
why, in contrast to Bøyum et al. (1996), there was a rise in IL-6 post-sleep restriction 
and physical work. While structural firefighting and other occupations (e.g., air crew, 
train and truck drivers) can require personnel to start work early in the morning 
(Åkerstedt et al. 2010; Ingre et al. 2004; Kecklund et al. 1997; Paley et al. 1994), 
shifting sleep to an early-phase sleep restriction is not as common in wildland 
firefighting. Instead, Australian wildland firefighters deployed to the fire-ground can 
have their sleep limited to between 02:00 and 06:00, representing a later phase sleep 
restriction period (Cater et al. 2007; Ferguson et al. 2011). 
 
Over an extended period of simulated physical military work (i.e., 7 days) and minimal 
sleep (i.e., 1 h sleep per 24 h), Gundersen et al. (2006) reported an increase in soldiers’ 
IL-6 levels from baseline to day 2 (+ 10.6 ± 1.3 pg/ml) and day 4 (+ 6.8 ± 1.6 pg/ml). 
Lundeland et al. (2012) reported a similar increase in IL-6 on day 3 of a seven day 
simulated physical military training exercise with limited sleep (i.e., 1 h per 24 h). 
Multiple days of work and extreme sleep restriction resulted in a greater rise in IL-6 
when compared to the more moderate sleep restriction examined over a one-night and 
one-day protocol by Abedelmalek et al (2013). By the completion of the course 
however, Gundersen et al. (2006) and Lundeland et al. (2012) both found that IL-6 had 
returned to baseline levels. Furthermore, plasma concentrations of TNF-α and IL-1β 
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remained unchanged across the military training scenario investigated by Gundersen 
et al. (2006). As eluded to earlier, the increase and then decrease in IL-6 and unaltered 
TNF-a and IL-1β levels demonstrated among soldiers in this study (Gundersen et al. 
2006) could provide further evidence of the anti-inflammatory effects that IL-6 can 
have on other pro-inflammatory cytokines. The findings for IL-6 by Gundersen et al. 
(2006) and Lundeland et al. (2012) may therefore indicate that over an extended period 
(i.e., 1 week), soldiers’ cytokine levels were able to adjust by responding appropriately 
to the combination of simulated restricted sleep and physical work and promote 
homeostasis of the immune system. 
 
2.5.2.2 The effects of sleep restriction and physical work on cortisol and heart rate 
responses 
To date, only one emergency service-based study (not firefighting) has investigated 
the specific effect that shortened sleep has on the functioning of the HPA-axis (Goh et 
al. 2001). Although there was no significant difference in overall daily cortisol release 
between control (i.e., 8 h sleep) and sleep-deprived military personnel (i.e., 40 h), Goh 
et al. (2001) found increased afternoon cortisol levels following the sleep deprivation 
period. Elevated cortisol levels in the latter part of the day are consistent with non-
emergency service-based studies, that in the absence of physical work, have found that 
restricted sleep opportunities lasting between 4 and 5 h over 1 to 10 nights result in 
increased cortisol levels in the afternoon and evening (Buxton et al. 2010; Guyon et 
al. 2014; Leproult et al. 1997; Reynolds et al. 2012; Spiegel et al. 1999). Chronically 
increased cortisol levels in the latter part of the day have been positively associated 
with age-related insulin resistance (Dallman et al. 1993; Kern et al. 1996), highlighting 
a possible pathogenic process by which restricted sleep may influence the development 
of diabetes. Restricted sleep opportunities (i.e., 4 and 5 h), without physical work, have 
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also resulted in elevated resting heart rate (Meier-Ewert et al. 2004; van Leeuwen et 
al. 2009), which if chronic, has been identified as a risk factor for heart failure (Opdahl 
et al. 2014). Shortened sleep may therefore pose as a significant stressor for firefighters 
who have been reported to have an increased risk of CVD-related deaths on duty (Fahy 
et al. 2013; Kales et al. 2007). But despite wildland firefighting exposing personnel to 
sleep restriction while performing physical work (Aisbett et al. 2012), considerably 
less is known regarding the combined impact these stressors have on firefighters’ acute 
cortisol and heart rate responses. 
 
Some insights can be gained from sustained military operation- and exercise-based 
studies. For instance, unchanged (Plyley et al. 1987) or decreased (Dabrowski et al. 
2012; Lucas et al. 2008; Myles 1987) heart rate responses measured throughout 
extended periods of prolonged physical activity (i.e., 20 to 116 h) and sleep deprivation 
have been reported. Myles and colleagues (1987) observed a decrease in participants’ 
work rate and an increase in rest time across a 50-h period, which may explain the 
simultaneous decrease in heart rate. However, neither of the other studies measured or 
reported a change in work output (Dabrowski et al. 2012; Lucas et al. 2008). As 
discussed in Section 2.5.1.1, it is therefore possible the decrease in heart rate was the 
result of other causes, such as participants becoming more economical in completing 
the actions involved in the physical work. A reduced or unchanged heart rate could 
have also been caused by attenuated sympathetic nervous system activation (Chandola 
et al. 2008; Konishi et al. 2013), suggesting a potentially adaptive response of the SAM 
system when exposed to sleep restriction and sustained physical activity. Even though 
firefighters are not typically exposed to extended periods of complete sleep 
deprivation, there are similarities between the physical demands examined in the 
exercise-based studies (Dabrowski et al. 2012; Lucas et al. 2008; Myles 1987) and the 
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long periods of physical work involved in firefighting (Aisbett et al. 2012). Similar 
physical work demands highlight the possibility that the physical work in firefighting 
may also elicit an attenuation of the sympathetic nervous system, drop in work rate 
and/or practice-related effects. As a result, wildland firefighters’ heart rate while 
working and at rest may decrease across multiple shifts in a similar way to that 
demonstrated in military/exercise research.  
 
To date, several military-based studies have investigated soldiers’ cortisol changes in 
response to 1 to 3-h of total sleep across the course of simulated, near continuous 
physical training lasting 3 to 5 days (Lieberman et al. 2005; Opstad 1994; Opstad et 
al. 1981). In an early study by Opstad et al. (1981), the normal circadian variation in 
morning and evening cortisol levels on day 1 and day 4 (i.e., 2 daily samples at 08:00 
and 19:00) of a 5-day military training course was reported to have disappeared, 
indicating an abnormal circadian cortisol release. In a subsequent study, Opstad (1994) 
employed a higher frequency cortisol sampling method (i.e., 5 daily samples) to further 
investigate the effect of a simulated, 5-day physical training course with 1 to 3-h of 
total sleep on military cadets’ diurnal cortisol levels. Similar to control conditions 
involving no physical training and an 8-h sleep opportunity, cortisol levels followed a 
normal diurnal rhythm on day 1 of the course. However, throughout the rest of the 
course, mean cortisol levels remained consistently elevated (+130–140% above 
baseline) and over the final 24-h period, the authors reported that the diurnal rhythm 
had almost disappeared (Opstad 1994). Moreover, 4 to 5 days after course completion 
the diurnal release of cortisol remained significantly higher than the control period 
(Opstad 1994), further suggesting the possibility of chronic disruption to the diurnal 
cortisol rhythm following four consecutive nights of sleep restriction during physical 
military training. However, neither this (Opstad 1994) nor the earlier work by Opstad 
Chapter 2  Literature Review 
 
53 
 
et al. (1981) statistically analysed multiple time-point changes in cortisol between days 
to understand detailed circadian alterations such as a shift or flattening in the cortisol 
profile between days. It is therefore not possible to understand day-to-day changes in 
cortisol’s rhythmicity among military personnel. 
 
Further evidence of disruptions to the cortisol rhythm was found among soldiers 
completing a 53-h simulated field exercise in the heat in which personnel had 3.0 ± 
0.3 h of total sleep measured using activity monitors (Lieberman et al. 2005). 
Compared to pre-field measurements, Lieberman and colleagues (2005) reported that 
soldiers had lower morning (06:00; - 0.13 to 0.28 μg/dL) and higher evening cortisol 
levels (18:00; + 0.16 to 0.22 μg/dL). Lieberman et al. (2005) stated however, that 
cortisol levels did not exceed the expected range for non-stressed personnel with 
similar demographic characteristics, nor were they as high as the 2- to 3-fold increase 
(above baseline) reported by Opstad (1994). But different to the young cadets (22 to 
26 years) included in the study by Opstad (1994), Lieberman et al. (2005) examined 
older personnel (31.6 ± 0.4 years) who had served, on average, 9.2 ± 0.5 years of duty. 
Research suggests that the HPA-axis can adapt to repetitive prior experience of a 
stressor (Andersen et al. 2013; McEwen 1998). As suggested by Lieberman et al. 
(2005), it is therefore likely the experience level among soldiers resulted in a more 
moderate release of cortisol to the occupational demands. This highlights the 
importance of recording and, where possible, controlling for occupational experience 
(i.e., matching experimental groups for experience) when examining the cortisol 
response to demands such as sleep loss and physical work. 
 
Although Opstad (1994), Opstad et al. (1981) and Lieberman et al. (2005) observed 
evidence of a dysregulated cortisol response, different discrete parts of the diurnal 
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cortisol rhythm were investigated in each study. For instance, Opstad (1994) stated 
that daily cortisol release (i.e., 24-h mean) increased significantly over the 5-day 
training course. On the other hand, Opstad et al. (1981) and Lieberman et al. (2005) 
observed a decline in early morning cortisol levels (08:00 and 06:00 respectively), 
while increases in evening cortisol (18:00) were further reported by Lieberman et al. 
(2005). Increases and decreases in different cortisol measurements have been 
demonstrated following stress exposure and could indicate different forms of allostatic 
load (i.e., wear and tear on the HPA-axis) expressed as either an intensified or 
suppressed cortisol production in response to a stressor (McEwen et al. 1999). 
Chronically increased daily cortisol levels have been positively associated with 
increased CVD risk (Rosmond et al. 2003). Conversely, persons exposed to chronic 
stress have also demonstrated inadequate morning cortisol levels an hour after 
awakening (Miller et al. 2002). An inadequate cortisol response occurs when the HPA-
axis produces too little cortisol in response to a stressor. As a result, inflammatory 
responses that are normally contained by cortisol become overactive (McEwen et al. 
1999). Despite the known interactions between immune and cortisol responses that 
regulate an adequate physiological response to stressors (see Section 2.2 for details), 
research is yet to investigate how sleep restriction combined with physical work 
specifically, impact the interplay between cortisol and cytokines. Further quantifying 
this relationship between markers in response to occupational demands may provide 
insights into the mechanisms underlying altered responses. Identifying possible 
interactions (i.e., an imbalance between cytokine and cortisol) that have implications 
for health (Nijm et al. 2009; Silverman et al. 2012) would also help tailor workplace 
interventions to properly regulate immune-endocrine relationships. 
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Morning cortisol levels among soldiers were found by Gundersen et al. (2006) to 
increase from baseline on day 2 (+79%) and day 4 (+74%) of a 7-day simulated 
training course with 1 h of sleep per 24 h. Lundeland and colleagues (2012) also 
reported increased morning cortisol levels among soldiers on day 3 (+22%) and day 5 
(+73%) of a similar 7-day simulated training program. However, cortisol had moved 
towards baseline levels by day 7 in both studies (Gundersen et al. 2006; Lundeland et 
al. 2012). Furthermore, Abedelmalek et al. (2013) reported that cortisol levels were 
not affected following interval training and a restricted 4.5-h sleep opportunity or an 
8-h sleep opportunity. Unaltered cortisol levels (Abedelmalek et al. 2013) could 
indicate that the single period of 4-h sleep restriction followed by interval exercise 
were not sufficient to have an acute impact on the functioning of the HPA-axis. 
Cortisol levels which increased and then decreased (Gundersen et al. 2006; Lundeland 
et al. 2012) across seven days of combined sleep restriction while performing physical 
activity may indicate that the HPA-axis requires a longer period to adapt and 
responded appropriately to ensure homeostasis of this stress system. 
 
Differences in the assessment of cortisol between studies may further explain the 
conflicting findings for this biomarker (Gundersen et al. 2006; Lieberman et al. 2005; 
Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981). For instance, cortisol levels 
in the morning can be affected by awakening time, so the use of a single morning 
sample in the previous research (Gundersen et al. 2006; Lundeland et al. 2012) provide 
less reliable measures of cortisol when compared to mean total values based on 
multiple daily samples (Golden et al. 2011), such as that adopted by Opstad (1994). 
However, in comparison to both mean cortisol levels and single samples, calculating 
the AUC using multiple (i.e., ≥ 3 samples) daily samples provides a more accurate 
assessment of the overall secretion of cortisol over a specific time period (i.e., each 
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work day; Pruessner et al. 2003). Therefore, it has been suggested that the assessment 
of cortisol should be based on the AUC, complemented by an analysis of the diurnal 
cortisol profile across the day at different time points (Adam et al. 2009). Additionally, 
collecting multiple (i.e., ≥ 5) cortisol samples across the day on consecutive days 
allows for the use of mixed statistical models to account for within and between 
participant differences in cortisol (Hruschka et al. 2005; Smith, TW et al. 2007). 
However, emergency service-based research is yet to employ either multiday sampling 
methods or the use of mixed models when assessing cortisol among personnel. 
 
A further aspect of cortisol’s circadian rhythm that is important to consider when 
measuring this hormone is its steep morning rise, which depends on awakening time 
(Smyth et al. 2013). Variation in diurnal cortisol demonstrated between studies may 
be further due to differences in the timing of the sleep restriction period and the cortisol 
sample collection time points. For instance, in previous military-based investigations, 
morning cortisol has been collected between 06:00 and 10:00 (Gundersen et al. 2006; 
Lieberman et al. 2005; Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981), yet it 
was not specifically reported when participants slept,  making it impossible to account 
for the impact of the sleep restriction period and awakening time on cortisol. This 
emphasises the importance in controlling or at least recording/reporting the timing of 
sleep opportunities and cortisol sampling in future protocols examining HPA-axis 
function in response to sleep restriction. Furthermore, daily energy intake was 
restricted during several of the military-based studies (Gundersen et al. 2006; 
Lundeland et al. 2012; Opstad 1994) which could confound the interpretation of these 
findings, as energy along with carbohydrate restriction have both been found to 
increase the daily output of cortisol (Tomiyama et al. 2010). While closely controlling 
energy and/or carbohydrate intakes may not be ecologically valid in the context of 
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firefighting, every effort should be made to standardise meals and fluid intakes (e.g., 
types of food and drink available, meal times, portion sizes etc.) to fire-ground 
conditions and also between experimental groups. 
 
In addition, previous experiments investigating heart rate were performed in largely 
uncontrolled field settings (Dabrowski et al. 2012; Lucas et al. 2008). It is therefore 
possible, that together with physical work and sleep loss, stressors that were not 
controlled in these studies such as fluid and energy intakes and variations in ambient 
temperature may influence SAM system activity (Sasaki et al. 1991; Tanaka et al. 
2012). There is thus a need for tightly-controlled and firefighting relevant research that 
examines sleep restriction and physical work to determine the specific impact on 
concurrent cortisol and heart rate. Established links between adverse health outcomes 
(e.g., CVD and depression) and elevated cortisol (Hamer et al. 2010; Hayley et al. 
2003; Hayley et al. 2005; Mackin et al. 2004; Poitras et al. 2013), and heart rate 
(Opdahl et al. 2014) highlight the need to examine acute responses to provide an 
accurate platform from which to assess long-term implications in these firefighter 
relevant diseases. Simultaneously measuring activity of both HPA-axis and SAM 
system responses enable greater understanding of potential adaptive or maladaptive 
functioning in response to fire-ground stressors. 
 
2.5.2.3 The effects of sleep restriction and physical work on psychophysiological stress 
responses  
Research suggests that changes in cytokine and cortisol responses relate to mood states 
(Kemeny 2007; Mittwoch-Jaffe et al. 1995). Although the relationship is likely to be 
bi-directional, attention has focused on how both positive and negative mood states 
moderate immune and endocrine systems (Kemeny 2007; Marsland et al. 2007). 
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Therefore, to further interpret the physiological impact of a stressor, it is crucial to 
assess the psychophysiological relationships between mood, cytokine and cortisol 
responses. Persistent psychophysiological associations between responses (e.g., 
negative mood, cortisol and cytokines) have been linked to chronic health outcomes 
such as depression (Lutgendorf et al. 2008; Musselman et al. 2001). Accordingly, 
several studies have investigated the impact of physical work and sleep restriction 
separately, on psychophysiological stress responses among healthy participants 
(Jürimäe et al. 2002; Kajtna et al. 2011; Robson-Ansley et al. 2009; Thomas et al. 
2011; Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003), but none have 
investigated sleep restriction and physical work together or have been based in 
firefighting.  
 
Exercise-based studies of multi-day simulated physical work periods, similar in length 
to that experienced during wildland firefighting (Aisbett et al. 2012), have 
demonstrated mixed findings when investigating acute psychophysiological 
relationships (Jürimäe et al. 2002; Robson-Ansley et al. 2009). For instance, Robson-
Ansley et al. (2009) reported that during a 6-day (average exercise duration varied 
from 160 ± 43 to 391 ± 30 minutes per day) cycling event there was no relationships 
detected between cyclists’ plasma IL-6 or cortisol levels and subjective sensation of 
post-exercise fatigue measured using an abbreviated Profile of Mood State 
questionnaire (POMS). Failure to see a psychophysiological relationship was proposed 
by the authors (Robson-Ansley et al. 2009) to be due to the participants ingesting high 
carbohydrate drinks during exercise. In addition to influencing cortisol (see Section 
2.5.2.2), elevated carbohydrate intakes are known to further dampen IL-6 (Bishop et 
al. 2001). Specifically, Robson-Ansley et al. (2009) suggested that the increased 
carbohydrate intake preserved glycaemic homeostasis, reducing IL-6 and cortisol 
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release (McAnulty et al. 2007; Nieman et al. 1998). Therefore, it is important further 
research control or at least standardise diet during work conditions when investigating 
psychophysiological relationships between fatigue and plasma cytokine responses. 
 
Relationships between psychological stress responses and HPA-axis function were 
further investigated among male athletes completing an intensive 6-day heavy rowing 
training program (total of 21.5 ± 2.2-h of exercise; Jürimäe et al. 2002). In this study, 
rowers’ resting cortisol levels were positively related to a change in subjective fatigue 
(r = 0.64; Jürimäe et al. 2002) measured on the Recovery Stress Questionnaire for 
Athletes. However, both the above mentioned exercise-based studies failed to include 
a control group (Jürimäe et al. 2002; Robson-Ansley et al. 2009). Consequently, how 
much the psychophysiological relationships (between subjective fatigue and cortisol 
or IL-6) observed in response to physical work differed from free-living conditions 
(i.e., no physical training) is unknown. In addition, neither study recorded, in detail, 
the physical activity performed by participants prior to entering the study (Jürimäe et 
al. 2002; Robson-Ansley et al. 2009). It is therefore difficult to determine if the 
psychophysiological effects observed were due to the physical work examined and not 
previous physical training. In addition to including a control group, prior physical 
activity as well as sleep are important measures to consider when studying firefighters’ 
stress responses. For example, the on-call nature of firefighting (Dean et al. 2003) may 
expose personnel to emergencies that affect physical activity and/or sleep prior to 
beginning an intervention. It may be appropriate, therefore, to either exclude 
individuals to rule out the possibility of prior stressors influencing the findings or 
control for these pre-study behaviours in subsequent analyses to isolate the effect 
additional physical work or sleep restriction has on stress responses. 
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Sleep research has further investigated interactions between mood and cortisol, but the 
majority of studies examined participants with either a sleep disorder or mental illness 
which was not the focus of this thesis. One exception is an analysis of the relationship 
between subjective mood (assessed using the Brunel mood scale; BRUMS) and 
cortisol levels pre and post a 40-h period of sleep deprivation among healthy men 
(Konishi et al. 2013). However, no correlations were found between cortisol and any 
of the mood states assessed using this scale (Kajtna et al. 2011). A number of factors 
may have contributed to a lack of observed psychophysiological relationships between 
responses. Firstly, pervious emergency service-based findings suggest a single night 
of sleep deprivation is not sufficient duration to alter the overall release of cortisol the 
next day (Goh et al. 2001). Therefore, the 40-h period of wakefulness examined may 
explain why a psychophysiological relationship involving this measure of daily 
cortisol was not reported by Kajtna et al. (2011). On the other hand, elevated afternoon 
and evening cortisol have been reported following a single night of restricted and 
complete sleep loss (Goh et al. 2001; Leproult et al. 1997). This highlights the need to 
examine specific changes in cortisol across time-points in addition to daily cortisol 
output when investigating psychophysiological responses involving cortisol and 
mood. Lastly, participants in this laboratory-based study were not reported to have 
completed any physical activity during the 40-h period of sleep deprivation (Kajtna et 
al. 2011). Therefore, in the absence of physical activity, sleep loss in isolation may not 
have been a sufficient stressor to elicit an acute psychophysiological relationship 
between responses. 
 
In comparison to other psychological responses, fatigue, and its relationship to cortisol 
and cytokine release has received significant attention (Thomas et al. 2011; Vgontzas 
et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003). In particular, work by 
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Vgontzas and colleagues (Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 
2003) suggests that an elevated daytime release of IL-6 together with increased HPA-
axis activation leads to heightened perceptions of fatigue the next day. Although the 
mechanisms that drive this relationship have not been fully explained, some findings 
indicate that reduction in slow wave sleep (SWS) might be one pathway through which 
inflammation leads to perceptions of fatigue (Thomas et al. 2011). For instance, 
mediation analyses performed by Thomas et al. (2011) showed that reduced SWS 
mediated the relationship between increased evening levels of IL-6 and elevated daily 
fatigue levels among healthy adults. Research has also reported a small curtailment in 
SWS associated with sleep restriction (Kopasz et al. 2010; Mavanji et al. 2013), 
suggesting a reduction in this sleep stage may be underlying the simultaneous increase 
in fatigue and inflammation when exposed to shortened sleep. It should be noted 
however, that sleep research to date (Vgontzas et al. 2008; Vgontzas et al. 2002; 
Vgontzas et al. 2003) has investigated how physiological responses relate to 
perceptions of fatigue the next day. As mentioned earlier, the relationship between 
mood, inflammatory and HPA-axis activation is likely to be bi-directional indicating 
the need to further explore if, in response to a stressor, subjective fatigue is more 
acutely related to altered cortisol and cytokine levels. 
 
Although the current literature is limited to separate sleep- (Kajtna et al. 2011; Thomas 
et al. 2011; Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003) or 
exercise-based protocols of varying durations (Jürimäe et al. 2002; Robson-Ansley et 
al. 2009), findings demonstrate how changes in mood can be related to cytokine and 
cortisol responses. However, no study, firefighting-based or otherwise, has 
investigated the combined impact sleep restriction while performing physical work has 
on psychophysiological stress responses, indicating the need for further investigation. 
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Uncovering evidence of psychophysiological relationships in the context of 
firefighting offers the first step to better equip fire agencies and other workplaces 
facing similar demands, to accurately assess and monitor physiological stress 
responses among personnel using subjective psychological questionnaires. 
Application of this research to the fire-ground may improve fire agencies capacity to 
monitor personnel and if necessary, intervene before their physical health is impaired. 
 
2.5.2.4 The Mood Scale II and Samn-Perelli Fatigue Scale as subjective measures of 
mood 
While evidence has linked mood and physiological responses during periods of 
simulated and live physical work and sleep restriction (Jürimäe et al. 2002; Robson-
Ansley et al. 2009; Thomas et al. 2011; Vgontzas et al. 2008), there is variability in 
the type of subjective mood measures used between studies. Consequently, it is 
difficult to determine which measure is best (i.e., most sensitive and practical) to 
implement when assessing psychophysiological relationships in response to different 
occupational stressors. Research conducted in the field however, has tended to use 
shortened versions of longer mood questionnaires such as the POMS, given their 
brevity and sensitivity to mood fluctuations in applied settings. For instance, Kajtna et 
al. (2011) used the BRUMS which is 24-item questionnaire derived from the longer 
65-item POMS questionnaire. Likewise, Robson-Ansley et al. (2009) also used an 
abbreviated version of the POMS questionnaire in their study. Short form POMS 
measures have been well validated for use in sleep and exercise-based studies 
(Carpenter et al. 2004; Friedmann et al. 1977). A further measure called the Mood 
Scale II is comparable to the previously used POMS based questionnaires, but was 
specifically developed for use in field settings (Thorne et al. 1985). The Mood Scale 
II takes approximately 5 minutes to complete and has been successfully used to assess 
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mood responses among military personnel and nurses exposed to a range of stressors 
including sustained work and sleep deprivation (Paterson et al. 2011; Paterson et al. 
2010; Thorne et al. 1985). 
 
The Mood Scale II assesses both positive and negative mood dimensions, which is 
important to fully understand the structural aspects of these affective experiences 
(Diener et al. 1984) and their potentially divergent relationship to physiological 
responses (Kemeny 2007). Specifically, Thorne et al. (1985) explains that this measure 
presents an individual with 36 mood related adjectives which load onto six sub-
dimensions/factors including activation and happiness, which are positive mood 
dimensions, and depression, anger, fatigue and fear classified as negative mood 
dimensions. Activation relates to the adjectives ‘energetic’, ‘lively’, ‘alert’, ‘cheerful’, 
‘vigorous’ and ‘active’ on the Mood Scale II and is considered a positive factor. 
Happiness, the other positive mood factor on this measure, is described by the 
adjectives ‘good’, ‘contented’, ‘satisfied’, ‘calm’, ‘pleased’, ‘happy’ and ‘steady’. 
Depression is associated with negative affect characterised by the adjectives 
‘miserable’, ‘blue’, ‘depressed’, ‘sad’, ‘downcast’ and ‘low’ on the Mood Scale II. A 
further negative factor is angry, related to the adjectives of ‘grouchy’, ‘mean’, 
‘annoyed’, ‘angry’, ‘burned up’ and ‘irritated’. Fatigue is also considered a negative 
factor typified by feelings of physical and mental tiredness and described by the 
‘inactive’, ‘weary’, ‘lazy’, ‘drowsy’ and ‘sluggish’ adjectives in the Mood Scale II. 
Finally, the adjectives ‘uneasy’, ‘alarmed’, ‘insecure’, ‘afraid’, ‘jittery’ and ‘hopeless’ 
are used to quantify the negative factor fear on the Mood Scale II. 
 
A number of subjective measures have been used to investigate psychophysiological 
relationships with fatigue (Thomas et al. 2011; Vgontzas et al. 2003). One well-
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established measure that was developed for and validated in occupational settings is 
the Samn-Perelli Fatigue Scale (Samn and Perelli 1982; International Civil Aviation 
Organization 2011). This brief and easily administered subjective measure asks 
individuals to rate their level of fatigue on a 7-point scale at a specified time point 
(Samn et al. 1982). Although evidence indicates that the Samn-Perelli Fatigue Scale 
(Samn and Perelli 1982; International Civil Aviation Organization 2011) and the Mood 
Scale II (Carpenter et al. 2004; Friedmann et al. 1977; Thorne et al. 1985) are well-
suited (i.e., brief and easily administered) and valid measures for occupational settings 
such as the fire-ground, neither have been used to investigate psychophysiological 
relationships among firefighters. Further research adopting these subjective measures 
suited to occupational settings is needed to understand if, in response to firefighting 
work and sleep restriction, different factors of negative and positive mood relate to 
cortisol and cytokine responses. 
 
2.6 Conclusion 
It has been established that severe stressors can adversely alter acute cytokine, cortisol 
and heart rate responses. Over time, dysregulated immune and neuroendocrine 
function is linked to the development of adverse health outcomes such as 
cardiovascular and metabolic diseases and mood disorders (Chandola et al. 2008; 
Dantzer et al. 2008; Grandner et al. 2013; Hamer et al. 2010; Hayley et al. 2005; 
Mackin et al. 2004; Opdahl et al. 2014; van Leeuwen et al. 2009). Occupational 
stressors are a major source of altered physiological responses among personnel 
(Chandola et al. 2010). For wildland firefighters, consecutive long shifts of intense 
physical work separated by restricted sleep opportunities are two common fire-ground 
stressors (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007). To date, military- 
and exercise-based studies (Abedelmalek et al. 2013; Bøyum et al. 1996; Dabrowski 
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et al. 2012; Goh et al. 2001; Gundersen et al. 2006; Lieberman et al. 2005; Lucas et al. 
2008; Lundeland et al. 2012; Myles 1987; Opstad 1994; Opstad et al. 1981; Plyley et 
al. 1987) provide the only insights into how sleep restriction while performing 
simulated and live physical work influence acute physiological responses. For 
instance, consecutive days of simulated physical military work and severe sleep 
restriction have been found to result in a disrupted cortisol rhythm (Lieberman et al. 
2005; Opstad 1994; Opstad et al. 1981). However, current cytokine and heart rate 
responses following extended periods of simulated and live physical work and/or 
shortened sleep need to be clarified. For instance, studies report no change in either 
cytokine or heart rate responses (Main et al. 2013; Plyley et al. 1987), while others 
found increases (Abedelmalek et al. 2013; Budd et al. 1997b; Raines et al. 2013; 
Rodríguez-Marroyo et al. 2012), decreases (Bøyum et al. 1996; Dabrowski et al. 2012; 
Lucas et al. 2008; Myles 1987) or fluctuations over time (Gundersen et al. 2006; 
Lundeland et al. 2012; Main et al. 2013). Furthermore, varying durations of sleep loss 
(Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003) and physical activity 
over multiple days (Jürimäe et al. 2002), indicate how mood may moderate an increase 
in IL-6 and cortisol. 
 
While military- (Bøyum et al. 1996; Gundersen et al. 2006; Lieberman et al. 2005; 
Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981) and exercise-based studies 
(Abedelmalek et al. 2013; Bouget et al. 2006; Dabrowski et al. 2012; Jürimäe et al. 
2002; Lucas et al. 2008; Robson-Ansley et al. 2009) represent the only experimental 
research in this area, the periods of shortened sleep and physical work examined are 
different to those experienced in firefighting (Aisbett et al. 2012; Ferguson et al. 2011; 
Phillips et al. 2012). Specifically, the extreme sleep restriction investigated among 
military personnel differs to the moderate, partial sleep restriction (i.e., 3 to 6-h) to 
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which wildland firefighters are typically exposed (Aisbett et al. 2012; Cater et al. 
2007). Moreover, military- and exercise-based research has predominately 
investigated continuous physical activity or short periods of high-intensity exercise. In 
contrast, wildland firefighting work involves primarily short-duration high-intensity 
weight bearing manual handling tasks (e.g., lifting and lowering hoses and firefighting 
tools; Phillips et al. 2012) performed intermittently across 12 to 16 h shifts, 
interspersed with sustained periods of low intensity aerobic physical activity. 
Extrapolating military- or exercise-specific findings to wildland firefighting could 
therefore under- or over-estimate the potential stress-related implications of this type 
of firefighting and lead to inappropriate recommendations regarding the management 
of risk associated with sleep in the field. 
 
Field-based investigations dominate the existing research in this area (Bøyum et al. 
1996; Gundersen et al. 2006; Lieberman et al. 2005; Lundeland et al. 2012; Opstad 
1994; Opstad et al. 1981; Raines et al. 2013; Rodríguez-Marroyo et al. 2012). 
Although such settings enhance ecological validity, these studies displayed limited 
control over sleep parameters (e.g., sleep durations and placement/timing of sleep 
restriction periods) and other potential stressors during testing (e.g., ambient 
temperature, calorie restriction). In addition, physical activity and sleep prior to 
beginning interventions have not been recorded or considered in previous studies 
analyses. Consequently, these issues mean that it is not possible to accurately interpret 
how the stressors of interest (i.e., sleep restriction and physical work) directly 
influenced the acute stress responses reported, preventing extrapolation of findings to 
wildland firefighters. Research in this area could further benefit from utilising a control 
group and/or comparing results to population norms to accurately quantify the degree 
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to which acute stress responses to physical work and/or sleep restriction differed from 
one another and control conditions. 
 
The state of current empirical data points towards the need for further robust research 
examining controlled periods of sleep restriction across multiple days of wildfire 
suppression work. In line with the concepts of allostatic load (McEwen et al. 1999), it 
is imperative future enquiries implement a multivariate (i.e., multiple responses) 
assessment of acute inflammatory, cortisol and heart rate responses and their 
interactions to advance this area of applied stress research. Such investigations would 
provide a comprehensive first insight for fire agencies with industry specific 
recommendations regarding sleep on the fire-ground. Attaining multiple measures of 
inflammatory (i.e., cytokine) and neuroendocrine (i.e., heart rate and cortisol) function 
may help elucidate potential physiological interactions underlying these responses. 
Research revealing acute relationships between psychological and physiological 
responses support the application of a psychophysiological approach to assess how 
mood may relate to changes in cytokines and cortisol among firefighters. Adopting 
this approach affords new insights for psychophysiology research in an occupational 
setting, while providing the first steps in identifying subjective mood indicators of 
cortisol and/or cytokine responses.  
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Outline of the general research protocol 
The four studies completed as part of this degree were based on a single data collection 
period which tested 35 firefighters (30 males, 5 females). Firefighters were recruited 
from Australia’s state fire agencies and tested in a laboratory located in either South 
Australia or Victoria. Access to testing space and equipment meant that firefighters 
were assessed in small groups of 3 to 5, over a 5-day period spent in the testing facility. 
In total, 9 testing sessions were conducted over a 12-month period to meet the required 
sample size for the control and sleep restriction condition. 
 
For each session, firefighters arrived at the testing venue at 18:00 on the pre-study day 
where it was revealed to them what condition they were in. Firefighters then underwent 
a familiarization session of all testing procedures involved in the study. Throughout 
the protocol, the daily schedule was strictly adhered to such that wake and sleep 
periods began at the same time for participants in each condition across testing 
sessions. Each night, the sleeping environment (e.g., camp beds, bedding) replicated 
wildfire conditions and was kept consistent across all testing sessions. On the pre-study 
night, all participants had an 8-h adaptation sleep opportunity. Participants in the 
control condition then had an 8-h sleep opportunity on nights 2 and 3, whereas those 
in the sleep restriction condition had a 4-h sleep opportunity. The final night of the 
study was a recovery night in which all participants had an 8-h sleep opportunity. 
During each testing day, all participants completed physical, physiological and 
cognitive test batteries at identical time points during the wake periods. With exception 
of the cognitive testing that formed part of an unrelated study to be reported elsewhere, 
the next four chapters describe the physical, physiological and psychological testing 
procedures as they relate to the specific research questions posed by those chapters. 
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Abstract 
Objectives: This study investigated the effect restricted sleep has on wildland 
firefighters’ acute cytokine levels during 3 days and 2 nights of simulated physical 
wildfire suppression work. 
Methods: Firefighters completed multiple days of physical firefighting work separated 
by either an 8-h (Control condition; n=18) or 4-h (Sleep restriction condition; n=17) 
sleep opportunity each night. Blood samples were collected 4 times a day (i.e., 06:15, 
11:30, 18:15, 21:30) from which plasma cytokine levels (IL-6, IL-8, IL-1β, TNF-α, 
IL-4, IL-10) were measured. 
Results: The primary findings for cytokine levels revealed a fixed effect for condition 
that showed higher IL-8 levels among firefighters who received an 8-h sleep each 
night. An interaction effect demonstrated differing increases in IL-6 over successive 
days of work for the SR and CON conditions. Fixed effects for time indicated that IL-
6 and IL-4 levels increased, while IL-1β, TNF-α and IL-8 levels decreased. There were 
no significant effects for IL-10 observed. 
Conclusion: Findings demonstrate increased IL-8 levels among firefighters who 
received an 8- h sleep compared to those who had a restricted 4-h sleep. Firefighters’ 
IL-6 levels increased in both conditions which may indicate that a 4-h sleep restriction 
duration and/or period (i.e., 2 nights) was not a significant enough stressor to affect 
this cytokine. Considering the immuno-modulatory properties of IL-6 and IL-4 that 
inhibit pro-inflammatory cytokines, the rise in IL-6 and IL-4, independent of increases 
in IL-1β and TNF-α, could indicate a non-damaging response to the stress of simulated 
physical firefighting work. However, given the link between chronically elevated 
cytokine levels and several diseases, further research is needed to determine if 
firefighters’ IL-8 and IL-6 levels are elevated following repeated firefighting 
deployments across a fire season and over multiple fire seasons.  
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Introduction 
Each year, firefighters are deployed to combat the threat of large wildfires to property 
and lives. These deployments can last multiple days and require firefighters to perform 
extended hours (i.e., 12 to 16 h) of intense, intermittent, physical work with restricted 
sleep opportunities between shifts (i.e., 3 to 6 h; 1, 2, 3). Evidence suggests that 
individually, physical work (4) and sleep restriction (5-7) can elicit an acute 
inflammatory response causing the release of cytokines.  
 
Pro-inflammatory cytokines such as interleukin (IL)-1β, Tumour Necrosis Factor 
(TNF)-α and IL-8 facilitate an acute-phase response (8-10). Conversely, anti-
inflammatory cytokines such as IL-10 inhibit pro-inflammatory cytokines and 
attenuate inflammation (9, 11). Furthermore, IL-6 and IL-4 cytokines display both pro- 
and anti-inflammatory activities that modulate inflammation (12-15). Together, these 
processes coordinate the body's acute inflammatory response to a stressor to maintain 
homeostasis of the immune system. However, severe or chronic stress exposure may 
exacerbate the immune response which could result in chronically elevated cytokine 
levels and associated adverse health outcomes (9, 16). 
 
Acute increases in IL-6 (7) and TNF-α (5, 6) have been observed after 5-7 nights of 
sleep restricted to 4 h or 6 h per night in the laboratory, without physical work. 
Chronically elevated TNF-α and IL-6 levels are markers of systematic inflammation 
linked to negative health outcomes such cardiovascular disease (CVD) and insulin 
resistance (17, 18). Increased IL-6 and IL-8 levels were also reported following 3-days 
of intense physical running training (2.5 h/day) without sleep restriction (19). 
Chronically elevated IL-8 levels are also associated with atherogenesis and 
inflammatory changes that may result in CVD (20). In a field setting, Main et al. (4) 
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reported increased IL-6 across a 12-h shift of physical wildfire work without sleep 
disruption. However, firefighters’ IL-6 levels, along with IL-1β, IL-8 and IL-4 
exhibited a decrease over the second shift, possibly indicative of an adaptation to the 
physical work demands (4). 
 
While firefighting literature is sparse, multi-day military and exercise-based studies 
have reported an increase (21), decrease (22) or fluctuation in IL-6 (23, 24). Increased 
or unchanged IL-1β, TNF-α and IL-10 levels were also reported among soldiers 
completing seven consecutive days of physical work with minimal sleep (e.g., 7 h total; 
23, 24). Though it is possible the inflammatory markers in these field-based studies 
were confounded by other stressors (e.g., fluid and energy intake), an attenuated or 
unchanged cytokine response to these demands may indicate a non-damaging 
regulatory response. For instance, the immuno-modulatory properties of IL-6 
modulate pro-inflammatory cytokines (12, 13, 25, 26) that underpin systemic 
inflammation (27, 28). The immune system also interacts with cortisol (29), found to 
increase during simulated wildland firefighting work (30). An acute increase in cortisol 
can down-regulate cytokine activity to maintain homeostasis of the immune system 
(29, 31, 32). While military- and exercise-based research provide some understanding 
of the effect of physical work and sleep loss on cytokine responses, the demands 
investigated differ to the sleep restriction and physical work involved in wildfire 
suppression. Extrapolation of findings to wildland firefighting could, therefore, under- 
or over-estimate any stress-related implications. 
 
Military-based research mostly investigated long duration marching and running (22-
24), whereas wildland firefighting work incorporates a large component of short-
duration weight bearing manual handling tasks, in addition to sustained low intensity 
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aerobic activity (33). Given that eccentric contractions are known to produce a more 
pronounced increase of IL-6 and IL-8 compared to concentric contractions (27), 
military-based findings could lead to under-estimates of the cytokine response for 
wildfire personnel. Furthermore, total sleep deprivation is associated with a greater 
elevation in IL-6 than partial sleep restriction (34). The almost complete sleep 
restriction examined in military-based studies (23, 24) could over-estimate the 
cytokine response for firefighters who report 3 to 6 h of sleep per night (1). Under- or 
over-estimating inflammation could lead to inappropriate recommendations regarding 
the management of risk associated with firefighters’ sleep during deployments. The 
aim of the present study was therefore, to assess the effect restricted sleep has on 
wildland firefighters’ inflammatory cytokine levels during 3 days and 2 nights of 
simulated physical firefighting work. 
 
Materials and Methods 
Participants 
Male and female volunteer and salaried firefighters from state and territory fire 
agencies across Australia (Victoria, Tasmania, New South Wales, South Australia and 
Australian Capital Territory) were recruited for this study (Table 3.1). Firefighters 
from Western Australia were excluded due to time zone differences between this state 
and the testing locations in Victoria and South Australia. This allowed for better 
control over circadian rhythm differences between participants, which is potentially a 
confounding variable when assessing inflammatory cytokine levels across the day. In 
addition, because this study was part of a larger project that also examined the impact 
of firefighting in the heat, firefighters from hotter climates (i.e., Northern Territory and 
Queensland) were also excluded. However, recruiting firefighters from most 
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Australian fire agencies maximise generalisability of potential findings to firefighters 
across Australia. 
 
Once recruited, participants were screened and excluded from the study if they had 
been diagnosed with any form of heart disease, diabetes, respiratory or sleep disorders 
which could potentially confound observed cytokine levels. For purposes of analysis, 
participants in each condition were matched for age, sex and body mass index (BMI) 
and then randomly assigned to either a control (CON) or sleep restriction (SR) 
condition based on the participant’s availability to attend the testing period, designated 
at random, to the condition. The randomization method took into account differences 
in firefighters’ availability to volunteer their time for the study (without financial 
compensation), ensuring an equal chance for each participant of being allocated to 
either condition. There were no differences with regards to age, firefighting experience 
and BMI between conditions (Table 3.1). Participants also completed pre- and post-
testing health questionnaires to exclude any participants who became ill or sustained 
an injury directly prior to or during testing that could influence the inflammatory 
markers measured and confound any subsequent comparisons. As a result, a final 
sample of 18 firefighters in the CON condition and 17 firefighters in the SR condition 
completed this study (Table 3.1). While information on injury, illness, and health 
outcomes were obtained from participants pre- and post-study, this data was only used 
for study exclusion purposes, and thus will not be described in any further detail. 
Participation was voluntary and all participants gave written informed consent prior to 
commencing data collection. This study was approved by the Deakin University 
Human Research Ethics Committee.  
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Table 3.1 Characteristics of participants in each condition (mean ± standard deviation) 
Characteristic CON (n=18) SR (n=17) 
Age (years) 39 ± 16 39 ± 15 
Male:Female (n) 15:3 15:2 
Weight (kg) 85.1 ± 17.7 93.8 ± 20.2 
Height (cm) 178.1 ± 7.7 177.8 ± 7.4 
BMI (kg/m2) 26.8 ± 5.0 29.6 ± 5.5 
Firefighting experience (years) 8.7 ± 9.3 10.2 ± 6.4 
 Note: BMI = Body Mass Index 
 
Protocol 
Participants in both conditions arrived at the testing venue and completed a 
familiarisation of all physical work tasks and physiological tests, followed by an 
adaptation night sleep (8-h sleep opportunity) in the testing environment before the 
simulation began. All participants were then tested over a 3-day and 2-night simulated 
fire-ground deployment. On each of the 2 nights, participants in the CON condition 
had an 8-h sleep opportunity (i.e., 22:00-06:00; Figure 3.1). Conversely, participants 
in the SR condition had their bed time delayed, resulting in a 4-h sleep opportunity 
(i.e., 02:00-06:00) on each of the 2 nights (Figure 3.1). Participants in the SR condition 
were free to perform sedentary leisure activities (e.g., watching television, reading etc.) 
until the delayed bedtime. The duration of sleep restriction in this study was based on 
Australian wildland firefighters' self-reported average sleep per rest period on the fire-
ground (1). After completing the testing period, both conditions had an 8-h recovery 
sleep (in which no further measures were collected) to ensure, for the safety of all 
participants, that they were fully rested before leaving the testing venue and returning 
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home (Figure 3.1). The testing environment was maintained at moderate temperatures 
(18-20oC) throughout the testing period in both conditions. 
 
The timing of meals and the types of food and fluid available for consumption during 
testing were identical in both conditions and based on consultation with subject matter 
experts from Australian fire agencies. Adhering to fire-ground practices (35), food and 
drink intake during the study was ad libitum and the amount and type of food and drink 
ingested was recorded. This data was then extracted using the FoodWorks 7 nutrition 
software (2012 Xyris Software Pty Ltd, Australia). Although total fluid consumption 
was recorded, (no differences between conditions; p > 0.05), the measurement of 
caffeine intake (i.e., coffee and tea) has only been reported in the results section. 
Energy and macronutrient intakes have also been described in the results section 
below.
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Figure 3.1 Firefighting work protocol for CON and SR conditions
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Experimental Procedures 
Participants in both conditions were tested in small groups (of 3 to 5) over the 3-day 
wildland firefighting simulation. During the wake period, participants completed a 2-
h testing block, 3 times on day 1 and 5 times on day 2 and day 3 (Figure 3.1). Each 2-
h testing block consisted of 55-min of simulated physical wildland firefighting work 
circuit, immediately followed by 20-25 min of physiological data collection (reported 
elsewhere; 36), 20-25 min of cognitive testing (outlined elsewhere; 37) and a 15-20 
min rest period. The described work-to-rest ratios mimic shift work patterns observed 
during live wildfire suppression conditions (35, 38, 39). Participants' cytokine levels 
were measured in both conditions at 4 identical time points across each of the 3 testing 
days (Figure 3.1). 
 
Simulated Physical Firefighting Work Circuit: The physical work circuit comprised 6 
simulated wildland firefighting tasks. The tasks were designed to mimic the different 
physical demands involved in wildfire suppression work performed by Australia’s 
state and territory fire agencies (33). Each have been recognised by incumbent 
firefighters and industry experts as being representative of repetitive movements and 
carry and drag movements that encompass key firefighting tasks frequently performed 
on the fire-ground (37). The tasks included; lateral repositioning of a hose, rake-hoe 
work, hose rolling, charged hose advance, black out hose work, and static hold of a 
hose. These tasks were chosen because they were: 1) deemed to have the highest 
operational importance 2) the most physically demanding; and 3) the longest, most 
intense, or most frequently occurring tasks during wildfire suppression work (37, 38). 
The tasks involved in the physical work circuit were completed in a pre-determined 
order with task work-to-rest ratios designed to mimic the performance of these tasks 
on the fire-ground (37, 38). 
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The performance of each physical task (i.e., repetitions completed for each task within 
each work period) was self-paced and therefore, a changing variable. Although 
performance of the physical tasks is not the focus of this study, it is possible the 
performance during the circuit (i.e., repetitions completed for each task) could interact 
with the cytokine responses and vice versa. Therefore, physical performance was 
recorded, but no significant differences in this component were demonstrated between 
conditions (findings reported elsewhere; 36), therefore it is unlikely physical 
performance had an impact on the cytokine response. Furthermore, the duration of the 
physical work circuit was the same for all participants, so it is also unlikely that this 
component had a confounding impact on the cytokine response. 
 
Blood Sampling and Cytokine Analysis: Participants provided fingertip capillary blood 
samples for the determination of IL-6, IL-8, IL-1β, TNF-α, IL-4 and IL-10 cytokine 
levels in blood plasma. Although previous emergency service-based studies have used 
venous blood samples when investigating cytokine levels (22-24), capillary blood 
samples were chosen because it is a minimally invasive method to conveniently obtain 
multiple daily blood samples from participants wearing personal protective clothing 
and performing repeated bouts of physical work. Some studies suggest that, due to a 
small local inflammatory response to the action of the pinprick, capillary blood 
samples can result in higher cytokine levels (40, 41). However, recent evidence 
indicates a close correlation between venous and capillary plasma IL-6 responses 
during or post-exercise (40) and at rest (42). Conversely, other reports have found that 
venous and capillary concentrations of TNF-α (41) and IL-6 (40) differed at rest. 
However, these studies (40, 41) did not control factors known to impact resting 
cytokine levels such as the time of day the sample was taken or whether or not the 
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sample was taken under fasting conditions (43). Control over these factors in the 
current study limits their potentially confounding influence on cytokine levels at rest. 
Participants samples were taken at 4 time points each day: a fasting baseline sample in 
the early morning (i.e., 06:15), late morning (i.e., 11:30), early evening (i.e., 18:15) 
and at night (i.e., 21:30; Figure 3.1). To avoid acute postprandial changes in cytokine 
measurements, blood samples at 11:30 and 18:15 were taken pre-lunch and dinner 
respectively. Prior to sample collection, participants held a heat pack in their hand to 
aid in blood flow to the fingertips. At every time point, a 500-μL sample of whole 
blood was taken from each participant in to a microtainer coated with K2 EDTA 
(Becton Dickinson ref: 365974). This process took between 1 and 10 minutes to 
complete and was the same in both conditions. Whole blood samples were centrifuged 
for 10 min at 5000 revolutions/minute and the plasma was separated and stored frozen 
at ≤ -80°C.  
 
The Milliplex Human MAP Cytokine immunoassay kit (Millipore, Billerica, MD) was 
used to profile the expression of inflammatory markers in the plasma samples of 
participants. The assay kits provide a mixture of microbead populations with distinct 
fluorescent intensities that are pre-coated with capture antibodies specific for each 
cytokine. The assay was performed according to the manufacturer’s instructions on the 
Bioplex 200 array reader (V.5.0, Bio-Rad Laboratories, Hercules, CA). The minimal 
detectable concentrations were 0.06 pg/mL, 0.42 pg/mL, 0.20 pg/mL, 0.05 pg/mL, 
0.48 pg/mL and 0.07 pg/mL for IL-1β, IL-4, IL-6, IL-8, IL-10 and TNF-α, 
respectively. Cytokines intra- and inter-assay coefficients of variation were in 
acceptable ranges (Intra-assay 4.5 – 10.0%; Inter-assay 9.8 – 20.5%) for all analytes 
(CV <25%; 44, 45) and comparable to CVs reported for cytokines sampled using 
venous blood in previous exercise-based literature (21, 40, 42). 
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Sleep and Activity Monitoring: All participants had their sleep recorded on the 
adaptation night and the 2 study nights using standard polysomnographic (PSG) 
equipment (Compumedics E-Series, Australia). The adaptation night was designed to 
ensure participants’ sleep and cytokine responses during the study were not influenced 
by the lack of familiarity with the PSG equipment. Each night, PSG wire up and 
recording began at 21:00 for both conditions. From each sleep recording, participants' 
total sleep time (minutes) was calculated. In addition, participants wore activity 
monitors (Actical MiniMitter/Respironics, Bend, OR, USA) to measure sleep across 
the 2 nights leading in to the study. Participants’ physical activity during the simulation 
(2-h testing blocks including work and rest periods) was also recorded through the use 
of activity monitors worn on the wrist. Physical activity data (captured in 1-minute 
intervals) was downloaded using Actical software (version 3.10 
MiniMitter/Respironics, Bend, OR, USA) and expressed as absolute counts. Further 
details regarding physical activity, including results, can be found in a previous study 
by Vincent et al. (36). 
 
Statistical Analyses 
To decrease the biological variation associated with human plasma samples, outliers 
that had values greater than 2 standard deviations above the mean were excluded prior 
to the analysis (46). Values that were below the detectable range of the Milliplex 
Human MAP Cytokine immunoassay kit were replaced with the minimal detectable 
concentration as advised in the protocol (Millipore, Billerica, MD). With the exception 
of TNF-α (for which raw values achieved normality and homogeneity of variance), all 
cytokines were natural log-transformed to achieve normality, as assessed using 
Shapiro Wilk tests (p > 0.05). Homogeneity of variance and normality of the residuals 
from the resulting mixed model analyses were further assessed. The resulting 
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diagnostic plots were visually examined and revealed no departures from the required 
assumptions. For ease of interpretation, cytokine values were back transformed to 
pg/mL in the figures presented. 
 
Variables measured just once on an individual, or aggregated over occasions, (e.g., 
sleep duration, demographic characteristics and food and caffeine intake) were 
analysed with the Analysis of Variance (ANOVA) method using GenStat software 
(GenStat for Windows 16.1 Edition. VSN International, Hemel Hempstead, UK). For 
repeated cytokine measurements, linear mixed models (LMM) were fitted by the 
restricted maximum likelihood (REML) method (47). The LMM approach was used 
to investigate if participants’ individual profiles for each cytokine differed between 
conditions. This method also allows for the possibility of autocorrelation in the 
repeated cytokine measurements (i.e., samples and/or days) on each individual by 
including a model for the covariance structure. In addition, differences between the 
conditions in their linear trends and deviations from linearity were investigated via the 
incorporation of smoothing splines (48). Model fit was assessed by Akaike 
Information Criterion (AIC) and small differences (∆AIC) in this criterion compared 
to the minimum observed value in a set of candidate models were used to identify 
parsimonious models (49). Predicted REML means constructed from the linear models 
fitted by the REML analysis were calculated and pairwise comparisons of these 
predicted means (50) were used to examine differences in cytokines at each sample (or 
time point) and/or day. 
 
The potential fixed effects investigated in the models fitted for each of the individual 
cytokine profiles were condition (CON or SR), day (day 1, day 2 or day 3) and time 
of day (06:15, 11:30, 18:15 and 21:30) along with potential interactions of condition 
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by day, condition by time, day by time and condition by day by time. Random effects 
of group, profile (or participant), and a group by profile interaction were investigated 
by applying an independence (banded and unbanned), unstructured and power models 
for the within-subject autocorrelation. Finally, the REML procedure (47) was used to 
determine if a common spline was adequate to describe any non-linearity or if separate 
splines for each group or individual splines were required. Statistical significance was 
set at p < 0.05 and data are presented as means ± standard error of difference (SED) 
unless otherwise stated.  
 
Results 
Cytokines 
Several LMM were fit to the cytokine data, but for the majority of cytokines, the model 
with the lowest AIC and ∆AIC was the unstructured covariance model. Therefore, this 
model was considered to have the best fit to the data and selected as the final model 
for the analysis of each cytokine. The LMM demonstrated significant fixed effects for 
condition (F = 9.39, df = 1, p = 0.02) and time (F = 16.57, df = 3, p < 0.001) on log 
IL-8 levels, but no effect for day (p = 0.64). Predicted REML means for each condition 
showed that the CON condition had higher levels of log IL-8 (Figure 3.2), while 
predicted REML means at each time-point indicated that log IL-8 levels decreased 
across the day in both conditions (Figure 3.3A).  
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Figure 3.2 Predicted REML means for significant fixed effect of condition for IL-8 
level in CON and SR conditions. Data was log-transformed prior to analysis. For ease 
of interpretation, values were back transformed to pg/mL.  
 
Figure 3.3 Predicted REML means for IL-8 (A), IL-4 (B), IL-1β (C) and TNF-α (D) 
across each daily time-point. Data was log-transformed prior to analysis. For ease of 
interpretation, values were back transformed to pg/mL.  
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The LMM demonstrated that there were significant fixed effects for time (F = 24.65, 
df = 3, p < 0.001) and day (F = 3.10, df = 2, p = 0.05) on log IL-6 levels. Predicted 
REML means indicated that log IL-6 levels in both conditions increased across time-
points within a day and across each day. In addition, there were significant interaction 
effects for condition by time (F = 3.72, df = 3, p = 0.01) and day by time (F = 7.45, df 
= 6, p < 0.001) on log IL-6 levels. Pairwise comparison of predicted REML means 
further indicated that log IL-6 levels at 06:15 on day 3 were higher (+ 0.74) than at this 
time point on day 1 in both the SR (SED = 0.25, p = 0.03) and CON conditions (+ 
0.67, SED = 0.24, p = 0.04; S1; Figure 3.4). In addition, log IL-6 levels in the CON 
condition on day 2 at 11:30 (+ 0.95, SED = 0.27, p = 0.01) were higher than at this 
time point on day 1 in the CON condition (Figure 3.4). Further pairwise comparisons 
of predicted REML means indicated that there were no significant differences in log 
IL-6 levels between conditions at the baseline time point (i.e., day 1 at 06:15) or any 
of the other sampling time points. Therefore, it is likely the interaction is a reflection 
of different rates of change in log IL-6 levels between the SR and CON conditions, but 
not one that yields time point differences between conditions. Furthermore, significant 
fixed effects for time were found for log IL-1β (F = 21.79, df = 3, p < 0.001), raw 
TNF-α (F = 17.20, df = 3, p < 0.001) and log IL-4 levels (F = 3.65, df = 3, p = 0.02). 
For these fixed effects, predicted REML means demonstrated a decrease across time 
for log IL-1β and raw TNF-α levels, while predicted means for log IL-4 fell slightly 
from 06:15 to 11:30, followed by higher levels recorded in the evening and at night 
(i.e., 18:15 and 21:30; Figure 3.3). There were no further fixed or interaction effects 
demonstrated for the IL-1β, IL-4, TNF-α or IL-8 cytokine profiles, nor were there any 
significant effects for log IL-10 observed.  
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Figure 3.4 Predicted REML means for IL-6 profile across days in CON (A) and SR 
(B) conditions. Data was log-transformed prior to analysis. For ease of interpretation, 
values were back transformed to pg/mL. Note: no shortened sleep prior to day 1. 
Dashed lines represent IL-6 levels for healthy young adults under control conditions 
(i.e, 8-h sleep opportunity; 51). Significant differences between days within the same 
condition and time of day are indicated by * (p < 0.05).  
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Food and Caffeine Intake 
There was no difference in daily protein and fat intakes between conditions, but 
differences in carbohydrates (p = 0.01), energy (p = 0.02) and caffeine (p = 0.02) intake 
were demonstrated. Participants in the SR condition had a lower carbohydrate and 
energy (both p = 0.001) intake on day 3 compared to day 1, while both conditions had 
lower carbohydrate (SR p < 0.001; CON p = 0.01) and energy (SR p < 0.001; CON p 
= 0.001) intakes on day 3 compared to day 2. Furthermore, participants in the SR 
condition had lower carbohydrate (p = 0.01) and energy (p = 0.004) intakes on day 3 
compared to this day for the CON condition. Compared to the CON condition, caffeine 
intake on day 1 and 2 was higher among participants in the SR condition (both p = 
0.01), but intakes were not different to habitual caffeine consumption for this condition 
(p > 0.05). 
 
Sleep 
Sleep duration measured across the 2 nights prior to the study using activity monitors 
was not significantly different to the adaptation night (i.e., 8-h sleep opportunity) or 
between conditions (both p > 0.05; Table 3.2) and therefore, participants were not sleep 
restricted before beginning the study. Average total sleep time on the adaptation night 
was not significantly different between the CON and SR conditions (p > 0.05; Table 
3.2). The total sleep time on nights 2 and 3 was significantly different, as expected, 
given the sleep opportunity provided in each condition (Table 3.2). 
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Table 3.2 Total sleep time (mean ± standard deviation) for each night in both 
conditions (h) 
Night CON SR 
Pre-study 1 7.3 ± 1.4 6.7 ± 0.9 
Pre-study 2 6.7 ± 1.3 6.2 ± 1.4 
1 (adaptation) 6.3 ± 0.9 6.4 ± 0.7 
2 6.9 ± 0.4 3.6 ± 0.2* 
3 6.9 ± 0.5 3.7 ± 0.2* 
* = p < 0.001 between conditions 
 
Discussion 
Higher IL-8 levels were recorded in firefighters who received an 8-h sleep each night 
when compared to the participants who had their sleep opportunity restricted to 4-h 
each night. Furthermore, there was an acute increase in IL-6 levels over successive 
days of firefighting work, irrespective of whether firefighters received an 8-h or 4-h 
sleep between days. 
 
The higher levels of IL-8 in the 8-h sleep condition (Figure 3.2) may be due to a higher 
level of physical activity than the sleep restricted condition. While there were no 
differences in the performance of physical firefighting tasks between conditions, 
Vincent et al. (36) found that compared to firefighters who had a restricted 4-h sleep, 
those who had an 8-h sleep displayed: 20.5% greater whole body physical activity (i.e., 
activity counts) during the rest periods between testing bouts (p < 0.001), 5.02% 
increase in physical activity during the firefighting work circuit (p < 0.05) and 11.92%  
increase across the 2-h testing block (P < 0.05) when compared to those who had a 4-
h sleep (36). Levels of IL-8 increase in response to long-duration physical activity with 
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an eccentric contraction component (27). Therefore, a greater amount of physical 
activity in the CON condition during the rest periods and the work periods (36) may 
have resulted in elevated IL-8 levels.  
 
The unaltered IL-8 levels in the SR condition are consistent with previous research 
(52, 53). IL-8 is a bio-marker for cardiovascular health and accumulating evidence 
links chronically high levels of IL-8 with pathways that may increase the risk of CVD 
(20, 54). The IL-8 levels observed among the current group of firefighters however, 
are below those more closely linked with CVD (20, 55) and there is currently no 
evidence of an increase in cardiovascular mortality (56) or a higher prevalence of CVD 
risk factors for Australian firefighters when compared to the general population (57). 
However, in the United States of America (USA), cardiovascular events account for 
35% of deaths among all firefighters (i.e., salaried, volunteer and wildland; 58). 
Furthermore, an analysis of deaths among firefighters in the USA and estimates of 
time spent in firefighting duties reported that fire suppression activities were 
associated with an increased risk of death from coronary heart disease (59). Therefore, 
examining repeated exposures to the acute physical demands involved in wildland 
firefighting (e.g., over one or more fire seasons) and IL-8 release is warranted to 
investigate their potential role in the pathogenesis of cardiovascular-related health 
outcomes. 
 
The increase in firefighters’ IL-6 levels across days was irrespective of the duration of 
sleep between shifts (4-h or 8-h opportunity). Sleep restricted to between 2 and 6-h per 
night over 5-10 nights, without physical work, has resulted in increased daytime levels 
of IL-6 (5, 7, 60), TNF-α (5, 6) and IL-1β (61). Collectively, these findings suggest 
that longer periods of sleep restriction lasting five or more nights, may affect 
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inflammatory activation, possibly via sleep loss-induced changes to vascular and 
metabolic function and disrupted sleep architecture (62, 63). Given that firefighters 
can face extended wildfire deployments (e.g., >5 days; 64), future research should 
investigate the potential impact of prolonged periods of sleep restriction (i.e., >2 
nights) on IL-6, TNF-α and IL-1β (5-7, 60, 61). 
 
The 4-h sleep restriction period did not accentuate the rise in IL-6. Furthermore, the 
firefighters’ IL-6 levels in both conditions were high in comparison to young healthy 
adults who had an 8-h sleep opportunity and no physical activity (Figure 3.4; 51). But 
in comparison to healthy adults, firefighters in both conditions had an average BMI 
classified as overweight (i.e., 25.0 – 29.9 kg/m2). Given that IL-6 is secreted by adipose 
tissue (68), testing a potentially overweight group of participants may explain the 
higher levels of IL-6. However, future research employing the use of more direct body 
composition measures (e.g., waist circumference and abdominal height) will help 
further explain the pro-inflammatory state observed among personnel. Alternatively, 
elevated IL-6 levels in both conditions may indicate that physical work was the major 
stressor in the current study. In contrast to our findings, Abedelmalek and colleagues 
(21) reported an increase in IL-6 following a 4.5-h sleep restriction period and four, 
250-metre runs on a treadmill at 80% of personal maximal speed. In comparison to the 
self-paced work in our firefighting simulation, fixed speed work investigated by 
Abedelmalek et al. (21), although shorter, may have subjected participants to a higher 
intensity effort. Greater physical demands in combination with sleep restriction may 
explain why different IL-6 responses were observed between studies. Moreover, while 
similar durations of sleep restriction were investigated, Abedelmalek et al. (21) 
examined an early phase sleep opportunity (22:30-03:00). Wu et al. (65) found 4 nights 
of 3-h early phase sleep restriction caused a larger reduction in rapid-eye-movement 
Chapter 3  Study 1 
 
107 
 
(REM) sleep compared with later-night sleep restriction. Research in animal models 
indicates that a reduced amount of REM sleep had a positive association with increased 
IL-6 (66) and TNF-α (63). Firefighting and other occupations (e.g., air crew, train and 
truck drivers) can require personnel to start work early in the morning, often causing 
truncated, early sleep phases (67). Accordingly, future research needs to determine 
how early phase sleep restriction, and the associated changes in sleep architecture, 
impact the immune system of firefighters’ and workers in similar occupations 
completing physical work. 
 
Morning IL-6 levels in both conditions increased from day 1 to day 3 of testing (Figure 
3.4). This finding is in line with Gunderson and colleagues (23) who reported increased 
morning IL-6 levels among soldiers completing a 7-day training exercise with 
restricted sleep (1 h sleep per 24 h). However, the reported 11- and 7-fold increase in 
soldiers’ IL-6 levels from day 1 to day 2 and day 4 respectively (23), were higher than 
the 2-fold increase observed in the current study. The larger increase in soldiers’ IL-6 
levels (23) could be explained by the long duration semi-continuous physical work 
(68) and extreme sleep restriction (34) they experienced, which are different to the 
intermittent physical work and partial sleep restriction typical for wildland firefighting 
(1) and simulated in the current study. While the observed changes in IL-6 (i.e., 1.9-
2.5 pg/mL, Figure 3.4) are toward the low-end of systematic inflammation levels (28, 
69), evidence suggests that similar levels of low-grade inflammation in IL-6, if 
chronic, are sufficient to increase the risk of adverse health outcomes (55, 70). For 
instance, IL-6 >2.19 pg/mL was associated with an increased risk of all-cause mortality 
(cardiovascular diseases, cancers and other causes) among older adults across a 9-year 
period (55). Findings from a 6-year study (70) showed that among healthy men at 
baseline, IL-6 levels were higher (1.81 pg/mL) in those who experienced a subsequent 
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myocardial infarction. While firefighters in the USA appear to have a high risk of 
CHD-related deaths on duty (59), research in Australia is yet to investigate if 
firefighting demands are associated with cardiovascular events. Further research is 
needed to understand if wildland firefighters’ IL-6 levels are elevated chronically in 
response to repeated firefighting deployments across a fire season and over multiple 
fire seasons. Finally, IL-6 and IL-8 can induce white blood cell production (71) and it 
has been speculated that increased cytokines are responsible for heightened cell counts 
in CVD and diabetes sufferers (72). Therefore, it is important that future longitudinal 
studies assess cytokine and blood cell differentials to determine how multiple immune 
responses interact and potentially impact on health. 
 
Though the change in IL-6 levels was small, there was a significant increase in levels 
from day 1 to day 3 in both conditions at 06:15 and from day 1 to day 2 in the CON 
condition at 11:30 (Figure 3.4). While previous firefighting-based research found no 
change in IL-6 following short bouts of physical work (73), the findings from the 
current study support exercise and military literature demonstrating significant 
increases in IL-6 over successive days of both continuous (19) and intermittent (74) 
physical training. Physical work duration and intensity play a role in regulating IL-6 
release (68). Accumulating physical work output/performance across the three days 
may have contributed to the parallel rise in IL-6 levels in both conditions. 
 
The ad libitum consumption of food and drink in the current study adhered to fire-
ground practices (35). However, not specifically controlling for nutrient intake is a 
potential limitation of this study that resulted in differing CHO, energy and caffeine 
intakes between conditions and testing days. Low or depleted glycogen stores have 
been associated with an increased immune response following periods of long duration 
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physical activity (75, 76), which on first inspection, could explain the increased IL-6 
response on day 3 in both conditions. While intense periods of physical work can 
reduce appetite (77), the findings for the SR condition appear in contrast to reports that 
sleep loss may alter appetite regulation and lead to increased carbohydrate 
consumption (78). However, the impact of sleep restriction on food intake has been 
largely investigated in the absence of physical work. In addition, previous energy 
restriction- and exercise-based studies that have specifically examined macronutrient 
intake and immune changes (75, 76) indicate that very low levels of carbohydrate 
(<10% of total energy intake from carbohydrates) during physical activity, with and 
without sleep loss, are necessary to elicit an acute immune response. In the current 
study, firefighters’ carbohydrate levels were higher in comparison to these studies 
(56% and 55% of total energy intake from carbohydrates on day 3 in SR and CON 
respectively; 75, 76) and remained within normal adult levels (79, 80). It is therefore 
unlikely the lower carbohydrate intake among participants contributed to increased IL-
6 levels on day 3. Further, while a high caffeine intake has been shown to increase IL-
6 during physical activity (3 to 6 mg/kg body weight; 81), intakes in the current study 
were much lower (SR 2 mg/kg body weight, CON 1 mg/kg body weight). 
 
Consistent with multi-day exercise training (19), firefighters’ IL-6 levels increased 
across the simulation. Lundeland et al. (24) and Gunderson et al. (23) reported that 
during a 7-day military training course with minimal sleep, IL-6 levels also increased 
to day 3 and day 4 respectively, but then decreased towards baseline. Following an 
increase in IL-6 across the first day of live wildfire suppression work, Main et al. (4) 
also found IL-6 levels to attenuate over the second day of work. In addition to pro-
inflammatory activities, IL-6 has anti-inflammatory properties that lower other pro-
inflammatory cytokines to return the immune system to homeostasis (12, 13). For 
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instance, data suggests that an increased IL-6 response during exercise can exert anti-
inflammatory effects that inhibit TNF-α and IL-1β (25-27). The increased levels of IL-
6 among firefighters in the current study may have acted to suppress the release of 
TNF-α and IL-1β, resulting in declining levels of these cytokines across the day 
(Figure 3.3). Similar to IL-6, the IL-4 cytokine is immuno-modulatory and therefore 
capable of exerting anti-inflammatory effects that inhibit IL-1β and TNF-α (11). 
Therefore, increased IL-4 in the evening and at night may further explain the fall in 
TNF-α and IL-1β (Figure 3.3). Furthermore, compared to the inflammatory response 
typically related to exercise, severe inflammation (e.g., sepsis) has been associated 
with a distinctively different cascade of cytokines in the circulation (i.e., TNF-α, IL-
1β and IL-6 in that order;  27, 28). Therefore, increased levels of immuno-modulatory 
cytokines IL-6 and IL-4 among firefighters in the current study, without an increase in 
TNF-α and IL-1β levels, could indicate a non-damaging adaptive response to the stress 
of the simulated physical firefighting. 
 
The bidirectional feedback loop between cytokines and cortisol (29) may further 
explain the acute increase in IL-6 in the current study. Previously we demonstrated 
that 3 days of physical firefighting work separated by 2 nights of restricted sleep, 
resulted in an increased cortisol response over successive days of work (30). These 
findings indicate that the body may be releasing more cortisol to compensate for the 
added stress of limited sleep while performing physical work. In turn, the increased 
release of cortisol may be exerting its anti-inflammatory effects (29, 31) and buffering 
the release of IL-6 in the SR condition. Given that cortisol may down-regulate proteins 
required for immune cell activation of IL-8 (32), higher cortisol levels previously 
reported (30) may result in greater inhibition of the IL-8 response among sleep 
restricted participants. To date, cortisol-induced anti-inflammatory effects for IL-8 
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have only been demonstrated in lipopolysaccharide (i.e., bacteria)-induced cytokine 
release (32). Therefore, further research is needed to determine if cortisol has the same 
mediating impact on plasma IL-8 in response to physical work and sleep restriction. 
However, the potential for cortisol-induced suppression of IL-6 and possibly IL-8, 
suggests that the firefighters’ physiological stress-related changes were functioning 
effectively to maintain homeostasis of the immune system in response to simulated 
firefighting work with sleep restriction. 
 
Conclusion 
This is the first wildland firefighting-based study to investigate the effect of sleep 
restriction and physical work on acute inflammatory stress responses. Findings 
demonstrate higher levels of IL-8 among participants who received an 8-h sleep each 
night when compared to those who had a restricted 4-h sleep. Participants’ IL-6 levels 
increased in both conditions suggesting that the sleep restriction duration and/or period 
may not have been a significant enough stressor to affect this cytokine over and above 
any disturbance caused by physical work. Considering the immuno-modulatory 
properties of IL-6 and IL-4 (11, 25-27), the increase of these cytokines and the 
simultaneous decrease in TNF-α and IL-1β, could indicate a non-damaging response 
to the stress of simulated physical firefighting work. However, given the link between 
chronic low-level inflammation of IL-6 and IL-8, and several diseases such as 
atherosclerosis and Type 2 diabetes (70, 82), further research is needed to determine 
if wildland firefighters’ IL-6 and IL-8 levels are chronically elevated following 
repeated firefighting deployments across a fire season and over multiple fire seasons. 
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Abstract 
Purpose: Physical work and sleep restriction are two stressors faced by wildland 
firefighters, yet the combined impact these demands have on firefighters' acute stress 
responses is poorly understood. The purpose of the present study was to assess the 
effect firefighting work and sleep restriction has on firefighters’ acute cortisol and 
heart rate (HR) responses during a simulated 3 day and 2 night fire-ground 
deployment. 
Methods: Firefighters completed multiple days of simulated physical work separated 
by either an 8-h (Control condition; n=18) or 4-h sleep opportunity (Sleep restriction 
condition; n=17). Salivary cortisol was sampled every 2-h and HR was measured 
continuously each day. 
Results: There were no differences in cortisol between conditions on day 1. However, 
on day 2 and day 3 the sleep restriction condition exhibited a significantly higher daily 
area under the curve cortisol level and an elevated cortisol profile in the afternoon and 
evening when compared with the control condition. Firefighters’ HR decreased across 
the simulation in both conditions. 
Conclusion: Findings highlight the protective role an 8-h sleep opportunity between 
shifts of firefighting work has on preserving normal cortisol levels when compared to 
a 4-h sleep opportunity which resulted in elevated afternoon and evening cortisol. 
Given the adverse health outcomes associated with chronically high cortisol, 
especially later in the day, future research should examine how prolonged exposure to 
firefighting work (including restricted sleep) affects firefighters’ cortisol levels long-
term. Furthermore, monitoring cortisol levels post-deployment will determine the 
minimum recovery time firefighters need to safely return to the fire-ground. 
  
Chapter 4  Study 2 
 
121 
 
Introduction 
Firefighters face a number of occupational stressors in the line of duty. Two common 
stressors for firefighters performing wildfire suppression are physical work and sleep 
restriction (Aisbett et al. 2007; Cater et al. 2007; Cuddy et al. 2007). For instance, 
existing research demonstrates that wildlnd firefighters often work 3 to 4 consecutive 
long shifts, separated by shortened sleep opportunities (i.e., 3 to 6 h;  Cater et al. 2007). 
Within shifts, firefighting or other emergency response duties (e.g., vehicle accidents 
and rescues) can involve high-intensity physical work performed intermittently for 
extended periods (i.e., 12 to 16 h; Aisbett et al. 2007; Cuddy et al. 2007). 
 
Exposure to occupational stressors such as physical work or sleep restriction can 
trigger acute neuroendocrine stress responses. These include the release of cortisol 
from the hypothalamic-pituitary-adrenal (HPA)-axis (Chandola et al. 2010; Faulkner 
et al. 2014; Tsigos and Chrousos 2002) and the secretion of catecholamines 
(epinephrine and norepinephrine) caused by activation of the sympathetic-adrenal-
medullary (SAM) system (Chandola et al. 2010; Faulkner et al. 2014). The release of 
catecolamines can reduce activity of the parasympathetic nervous system, resulting in 
an increased heart rate (HR; Chandola et al. 2010; Faulkner et al. 2014). Under normal 
circumstances activation of these physiological functions is expected to occur, 
however exposure to particularly intense, or long periods of occupational-related stress 
over multiple days can exacerbate and dysregulate the HPA-axis and SAM system 
response resulting in the sustained elevation of cortisol (Chandola et al. 2008; Wolkow 
et al. 2015) and HR (Meier-Ewert et al. 2004; van Leeuwen et al. 2009). Chronic 
dysregulation of these systems has been associated with adverse health outcomes such 
as cardiovascular disease (CVD) and depression (Chandola et al. 2008; Mackin and 
Young 2004; Silverman and Sternberg 2012; Tanskanen et al. 2011), both prevalent in 
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firefighting populations (An et al. 2015; Carey et al. 2011; Cook and Mitchell 2013; 
Kales et al. 2007; Wolkow et al. 2014). As occupational stressors pose a potential risk 
to firefighters' health, there is a need to understand their effect on neuroendocrine 
responses in order to inform future evidence-based recommendations aimed at 
ensuring the safety of firefighting personnel. 
 
Shortened sleep and sleep disturbances are frequently reported among firefighters and 
personnel in other physically demanding occupations where shift work is common 
(e.g. military, police; Carey et al. 2011; Neylan et al. 2002). Despite this, no 
firefighting and only one military-based study (Goh et al. 2001) has investigated how 
reduced sleep impacts cortisol or HR responses among personnel. For instance, 
afternoon cortisol levels increased among soldiers following a night of total sleep 
deprivation (Goh et al. 2001), while further, non-emergency based research indicates 
that, in the absence of physical work, partial sleep restriction over multiple nights can 
increase cortisol in the afternoon/evening (Buxton et al. 2010; Leproult et al. 1997; 
Reynolds et al. 2012; Spiegel et al. 1999). Consecutive nights of restricted sleep have 
also resulted in elevated daily resting HR levels (Meier-Ewert et al. 2004; van 
Leeuwen et al. 2009). This indicates that exposure to sleep restriction could be a 
significant stressor for emergency workers that may contribute to a simultaneous 
dysregulation of cortisol and HR. The cumulative effects may pose a risk to chronic 
health outcomes (Chandola et al. 2008; Faulkner et al. 2014; Mackin and Young 2004; 
Silverman and Sternberg 2012; Tanskanen et al. 2011) and thus the impact of sleep 
restriction and physical work on HR and cortisol among firefighters requires further 
investigation. 
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Research in emergency service cohorts (e.g., firefighting, military) and the general 
population has investigated the individual impact of physical work (Budd et al. 1997; 
Fahs et al. 2011; Glickman-Weiss et al. 1995; Perroni et al. 2009; Rodríguez-Marroyo 
et al. 2012; Smith et al. 2005; Taylor et al. 2008) and sleep restriction (Meier-Ewert et 
al. 2004; van Leeuwen et al. 2009) on acute cortisol and HR responses. However, 
wildfire suppression work typically exposes personnel to a combination of these 
demands over consecutive shifts (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 
2007). Little is known regarding the impact shortened sleep opportunities between 
long shifts of intense physical work have on firefighters' acute cortisol and HR 
responses. Currently, the only insights come from exercise (Myles 1987; Neylan 2008) 
and sustained military operation studies (Fellmann et al. 1992; Opstad 1994; Opstad 
and Aakvaag 1981). Findings indicate increased morning and evening cortisol levels 
among military personnel completing extended periods of near continuous physical 
work with minimal sleep, in combination with other stressors (e.g., energy restriction; 
Fellmann et al. 1992; Opstad 1994; Opstad and Aakvaag 1981). Alternatively, 
unchanged (Cullen et al. 2015) or decreased (Dabrowski et al. 2012; Myles 1987; 
Neylan 2008) HR responses have been demonstrated during extended periods of 
exercise and complete or extreme sleep restriction. 
 
While exercise and military-based studies provide the only research in this area, total 
sleep deprivation and the sustained physical activity investigated are different to the 
intermittent physical work, manual handling tasks (e.g., lifting and lowering hoses and 
firefighting tools) and partial sleep restriction experienced in wildland firefighting 
(Aisbett et al. 2012; Ferguson et al. 2011; Phillips et al. 2012). Different demands may 
elicit different hormonal and HR responses. For instance, complete sleep deprivation 
can result in greater evening cortisol levels when compared to partial sleep restriction 
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(Leproult et al. 1997). Therefore, extrapolating findings from exercise settings or 
occupations with a different work profile to wildland firefighting may under or 
overestimate the potential stress related implications of wildland firefighting and lead 
to inappropriate recommendations regarding the management of risk associated with 
sleep in the field. Accordingly, more comprehensive research is required to understand 
the impact sleep restriction while performing physical firefighting work specifically, 
may have on firefighters' acute stress responses. The aim of the present study was to 
assess the effect that restricted sleep has on firefighters’ cortisol and HR responses 
during 3 days and 2 nights of simulated physical firefighting work. 
 
Methods 
Participants 
Rural firefighters from agencies across Australia (Victoria, South Australia, New 
South Wales, Australian Capital Territory and Tasmania) were recruited for this study 
(n=35). Including firefighters from most state and territory-based fire agencies 
maximised the generalisability of potential findings to rural firefighters Australia-
wide. For statistical purposes, participants were matched by sex, age and body mass 
index (BMI) and then randomly allocated to either a control (CON) or sleep restriction 
(SR) condition based on the participant’s availability to attend the testing period, 
designated at random, to the condition. The randomization procedure took into account 
differences in firefighters’ availability to volunteer their time (without receiving 
financial compensation), thereby ensuring an equal chance for each participant of 
being allocated to either condition. One firefighter in the SR condition withdrew and 
therefore, a final sample of 17 firefighters in the SR group and 18 firefighters in the 
CON group completed the study and were included in the final analyses. There were 
no differences in age (F = 0.829, P = 0.913), sex (F = 0.663, P = 0.689), firefighting 
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experience (F = 0.363, P = 0.593) or BMI (F = 0.167; P = 0.113) between conditions 
(Table 4.1). All participants were screened and excluded from testing if they had a 
diagnosed heart disease or untreated sleep disorder in the 6 months prior to testing. In 
addition, participants completed pre- and post-testing health questionnaires to exclude 
participants that may have sustained an injury or illness prior, or during testing that 
could influence the stress markers measured. Although injury, illness and health 
outcome data were collected from participants pre- and post-study, this data was used 
for exclusion purposes only, and therefore will not be described in further detail. This 
study was approved by the Institutions’ Human Research Ethics Committee and 
written informed consent was provided by all participants prior to data collection. 
 
Protocol 
Upon arrival at the testing facility, participants in both conditions completed a 
familiarisation session of all physical work, cognitive and physiological tests followed 
by a sleep adaptation night (8-h sleep opportunity in the testing environment). 
Participants in both conditions were then tested over a 3-day and 2-night simulated 
fire-ground tour. On each of the 2 nights, participants in the CON condition had an 8-
h sleep opportunity (i.e., 22:00-06:00). In comparison, participants in the SR condition 
had their bed time delayed, resulting in a 4-h sleep opportunity (i.e., 02:00-06:00) on 
each of the 2 nights (Figure 4.1). Participants in the SR condition were free to perform 
sedentary leisure activities (e.g., watching television, reading etc.) until the delayed 
bedtime (i.e., 02:00). The duration of partial sleep deprivation (i.e., 4-h) was based on 
Australian firefighters' self-reported average sleep per rest period on the fire-ground 
(Cater et al. 2007). Following the completion of the 3-day testing period, participants 
had an 8-h recovery sleep before leaving the testing facility. In both conditions, the 
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testing environment was maintained at mild temperatures (18-20oC) with normal room 
light (i.e., windows blacked out) during the wake period. 
 
The timing of meals and the types of food and fluid available for consumption during 
testing were standardised across conditions. Similar to the fire-ground, food and drink 
intake during the study was ad libitum. Throughout testing, the types and quantities of 
ingested food and fluid were recorded and food and drink data was analysed using the 
FoodWorks 7 nutrition software (2012 Xyris Software Pty Ltd, Australia). Total fluid 
intake was recorded and not found to display differences between conditions (P > 
0.05). However, differences in caffeine intake (i.e., coffee and tea) have been reported 
in the results section along with energy and macronutrient intakes. 
 
Table 4.1. Demographic characteristics for participants in CON and SR conditions 
Characteristic CON (n = 18) SR (n = 17) 
Age (years) 39 ± 16 39 ± 15 
Men:Women (n) 15:3 15:2 
Weight (kg) 84.9 ± 17.8 93.8 ± 20.2 
Height (cm) 178.1 ± 7.7 177.8 ± 7.4 
BMI (kg/m2) 26.8 ± 5.0 29.6 ± 5.5 
Firefighting 
experience (years) 
6 (min-max 1.0-39.0) 10 (min-max 1.0-20.0) 
Note: BMI = Body Mass Index; Age, Weight, Height and BMI are presented as mean 
± standard deviation; Firefighting experience is presented as median years and 
minimum-maximum years.  
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Experimental Procedures 
Participants in both conditions were tested in groups of 3 to 5 over the firefighting 
simulation. During the wake period, participants completed a 2-h testing block 3 times 
on day 1 and 5 times on day 2 and day 3 (Figure 4.1). Each testing block consisted of 
55 minutes of simulated physical firefighting work circuit, 20-25 minutes of 
physiological data collection, 20-25 minutes of cognitive testing (to be reported 
elsewhere) and a 15-20 minute rest period. The time allocated to physical work and 
non-physical data collection described above is reflective of physical activity patterns 
observed across a shift on the fire-ground (Aisbett et al. 2007; Phillips et al. 2011; 
Raines et al. 2013). Participants' saliva was collected for the determination of cortisol 
prior to the first 2-h testing block, at the completion of each 55-minute physical work 
circuit and at additional pre-determined time points throughout the wake periods 
(Figure 4.1). In addition, participants' HR was monitored continuously throughout 
each of the 2-h testing blocks. 
 
Simulated Physical Firefighting Work Circuit: The physical work circuit comprised 6 
simulated firefighting tasks designed to mimic the physical demands involved in 
wildfire suppression work performed by each of Australia’s state and territory-based 
fire agencies. These tasks have been recognized by industry experts and incumbent 
firefighters as being representative of repetitive lift, and carry and drag movements 
that comprise key wildland firefighting tasks frequently performed on the fire-ground 
(Ferguson et al. 2011). The six physical tasks included; rake hoe work, charged hose 
advance, black out hose work, hose rolling and lateral repositioning and static hold of 
a hose. These tasks were chosen because they were the most physically demanding; 
deemed to have the highest operational importance; and were the longest, most intense, 
or most frequently occurring tasks during wildfire suppression work (Phillips et al. 
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2015a; Phillips et al. 2012). The average intensity for several of the physical work 
tasks involved in this study have been previously characterised in terms of mean 
absolute VO2 (L/min) and HR (beats/min; Phillips et al. 2015b). For instance, rake hoe 
work elicited a mean VO2 of 2.6 ± 0.3 L/min and HR of 162 ± 15 beats/min, charged 
hose advance elicited a mean VO2 of 2.1 ± 0.6 L/min and HR of 141 ± 18 beats/min 
and black out hose work elicited a mean VO2 of 1.6 ± 0.3 ml/kg/min and HR of 129 ± 
14 beats/min (Phillips et al. 2015b). Each of the six tasks involved in the physical work 
battery were completed in a pre-devised circuit consisting of task work to rest ratios 
designed to mimic the performance of these tasks on the fire-ground (Phillips et al. 
2015a; Phillips et al. 2012). The performance of each physical task (i.e., repetitions 
completed within each work period) was self-paced and therefore, a changing variable. 
Although the performance of physical tasks was not the focus of this study, it is 
possible performance on the circuit (i.e., repetitions) could interact with the stress 
responses measured and vice versa. Therefore, work was recorded, but no differences 
in physical work performance were demonstrated between the CON and SR conditions 
(findings reported in previous study; Vincent et al. 2015).  
 
Saliva Sampling and Cortisol Analysis: Salivary cortisol samples were collected using 
a cotton swab (Salivette; Sarstedt, Nümbrecht, Germany) at baseline each morning 
(i.e., 07:30) and at the completion of each physical work circuit (i.e., 09:00, 11:15, 
13:30, 15:30, 17:30). Additional daily samples for both conditions were taken 
following wakening (i.e., 06:30) and in the evening (i.e., 19:30, 21:30; Figure 4.1). 
The number of samples and sampling time points have been determined to reliably 
assess the change in diurnal cortisol levels (Golden et al. 2011). The number and 
timing of samples also allowed for the calculation of the Area Under the cortisol Curve 
(AUC) with respect to ground for each participant on each day in both conditions using 
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the trapezoidal rule (Pruessner et al. 2003). Salivary cortisol is a convenient and 
minimally-invasive collection method that provides a valid and reliable measure of the 
biologically active unbound form of cortisol in the body (Golden et al. 2011; 
Kirschbaum and Hellhammer 1994). To prevent sample contamination from acidic or 
high sugar food and/or fluid intake, participants were not allowed to eat or drink 15 
minutes prior to saliva collection. Samples were centrifuged for 10 minutes at 5000 
revolution/minutes (83 hertz) and stored at ≤ -80°C. Salivary cortisol concentration 
was determined using a high sensitivity enzyme immunoassay ELISA kit (IBL 
International, Hamburg, Germany). The assay was performed according to the 
manufacturer's directions and read at 450 nm on a luminescence microplate reader 
(Synergy™ 2 SL, BioTek, Winooski, VT). Analytical sensitivity (lower limit of 
detection) was 0.14 nmol/L, accuracy was 5.2% and intra- and inter-assay precision 
coefficient of variations (CV) were 7.2% and 10.7% (both mean 13.8 nmol/L) 
respectively, which are each within their acceptable ranges (i.e., Accuracy <15%; 
Intra-assay CV <10%; Inter-assay CV <15%; Biopharmaceutics Coordinating 
Committee 2001; Nicolson 2008)  
 
Heart Rate: Participants' HR was monitored in beats per minute (beats/min) 
continuously each testing day using a HR strap and transmitter (Polar, Kempele, 
Finland). Data collection began at 12:00 on day 1 and 08:00 on day 2 and day 3, and 
continued though to 17:30 each day. Participants’ HR was sampled in 5-second epochs 
and averaged over 5-minute intervals. 
 
Sleep Monitoring: Participants' sleep was recorded using the Siesta Portable EEG 
system (Compumedics E-Series; Melbourne, Victoria, Australia) and standard 
polysomnographic (PSG) montage. PSG recording began each night at 21.00 for both 
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conditions. From each sleep period, participants' total sleep time (minutes) was 
calculated. In addition, participants wore activity monitors (Actical 
MiniMitter/Respironics, Bend, OR, USA) to measure sleep across the 2 nights prior to 
the study.
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Figure 4.1 Firefighting work protocol for CON and SR condition
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Statistical Analysis 
Prior to analysis, salivary cortisol measurements were adjusted using a natural log 
transformation to achieve normality, as assessed using the Shapiro Wilk tests (P > 
0.05). Homogeneity of variance and normality of the residuals from the resulting 
mixed model analysis were further assessed and the resultant diagnostic plots revealed 
no departures from these required assumptions (Field 2009). Due to the sampling 
design, a single cortisol measurement at 09:00 was missing on day 1 for all 
participants. Consequently, the missing combinations were appended to the data, but 
missing value codes were associated with these additional records. This did not affect 
the hypothesis tests and estimates for the cortisol profile, but it facilitated the fitting of 
various models for the autocorrelated errors. 
 
Variables measured just once on an individual, or aggregated over occasions (e.g., 
sleep duration, demographic characteristics) were analysed with Analysis of Variance 
(ANOVA) using GenStat software (GenStat, 16.1 Edition). For repeated 
measurements which included cortisol, HR and food and fluid intake, linear mixed 
models (LMM) were fitted by the restricted maximum likelihood (REML) method 
using GenStat software (GenStat 16.1 Edition; Payne et al. 2011). The LMM approach 
was used to investigate if participants’ individual cortisol and HR profiles and cortisol 
AUC differed between conditions. The method also allows for the possibility of 
autocorrelation in the repeated measurements (i.e., samples and/or days) on each 
individual by including a model for the covariance structure. In addition, differences 
between the groups in their linear trends and deviations from linearity were 
investigated via the incorporation of smoothing splines for the cortisol and HR profile 
data (Gurrin et al. 2005; Verbyla et al. 1999). Model fit was assessed by the Akaike 
Information Criterion (AIC). Small differences (∆AIC) in values of this criterion 
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compared to the minimum observed value in a set of candidate models, were used to 
identify parsimonious models (Burnham and Anderson 2002). Pairwise comparisons 
of the predicted means, constructed from the linear models fitted by the REML 
analysis, were also conducted (Hsu 1996) to examine differences in the cortisol profile 
and AUC at each sample (or time point) and/or day. Standard errors of the predicted 
means were calculated and the corresponding lower limit and an upper limit for the 
mean (i.e., mean ± standard errors of the mean; SEM) was determined. For ease of 
interpretation, back-transformations of the means to nmol/L ± standard errors 
(asymmetric) bars are presented graphically. Significant comparisons of HR between 
days within the same time were investigated using least significant differences (1.96 
° max standard error of difference; SED). 
 
The fixed effects in the models fitted to the individual cortisol and HR profile data 
were condition (CON or SR), day (day 1, day 2 or day 3) and time of day along with 
interactions of condition by day, condition by time, day by time and condition by day 
by time. For cortisol, random effects of group, profile (or subject), and a group by 
profile interaction were investigated with and without a power model for the within-
subject autocorrelation. Random effects of subject and a subject by day interaction 
were investigated for HR with and without the inclusion of the autoregressive function 
(AR1). Finally, the REML procedure (Payne et al. 2011) was used to determine if a 
common spline was adequate to describe any nonlinearity or if separate splines for 
each group (condition and day) or individual splines were required (i.e., no 
commonality across individuals in the non-linear departures from the linear trend). 
 
A LMM was fitted to the cortisol AUC data to investigate if participants’ individual 
AUCs differed between conditions allowing for the possibility of autocorrelation in 
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the repeated measures on each individual by applying identity and unstructured 
covariance structures. Fixed effects for these models included condition and day and 
a condition by day interaction effect, along with random effects of group, subject, and 
a group by subject interaction. Statistical significance was set at P ≤ 0.05. 
 
Results 
Sleep 
Sleep duration measured across the 2 nights prior to the study was not significantly 
different to the adaptation night or between conditions (P > 0.05; data not presented). 
The average total sleep time measured for the CON and SR conditions was similar on 
the adaptation night (CON 6.3 ± 0.9 h; SR 6.4 ± 0.7 h; P > 0.05). On nights 2 and 3 of 
the simulation, total sleep time was as expected, given the sleep opportunity provided 
in each condition (CON 6.9 ± 0.4 h; SR 3.6 ± 0.3 h; P < 0.001). 
 
Food and Caffeine Intake 
While there was no difference in daily protein and fat intakes between conditions, 
differences in carbohydrate (CHO; P = 0.01), energy (P = 0.02) and caffeine (P = 0.02) 
were demonstrated (data not presented). The CON condition had a higher CHO (P = 
0.01) and energy (P = 0.004) intake than the SR condition on day 3 of the protocol. 
Participants in the SR condition had a higher CHO and energy (both P = 0.001) intake 
on day 1 compared to day 3, while both conditions had higher CHO (SR P < 0.001; 
CON P = 0.01) and energy (SR P < 0.001; CON P = 0.001) intakes on day 2 compared 
to day 3. Compared to the CON condition, caffeine intake on day 1 and day 2 was 
higher in the SR condition (both P = 0.01), but not different to habitual caffeine intakes 
(P > 0.05; data not presented). 
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Cortisol 
Individual Cortisol Profiles over Time 
Several LMM were fitted to the log cortisol data, but the model with lowest AIC was 
the power model and after inspection of the ∆AIC values, it was considered to have 
the best fit to the data. Furthermore, when time was catered for as a continuous 
covariate, linear trends with time differed between conditions and also between days. 
But the nonlinear departures from these different trends were common to all subjects. 
As a result, a power model with a common spline term fitted for all profiles was 
selected as the final model for this analysis. The final LMM demonstrated significant 
fixed effects for condition (F = 9.35, df = 1, P = 0.02), day (F = 4.54, df = 2,  P = 0.01) 
and time (F = 984.72, df = 1, P < 0.001) on log cortisol levels, along with significant 
interaction effects for condition by day (F = 3.68, df = 2, P = 0.03), condition by time 
(F = 8.20, df = 1, P = 0.01) and day by time (F = 5.59, df = 2, P = 0.01). 
 
Pairwise comparison of predicted REML means for log cortisol levels indicated that 
there was no difference between conditions on day 1, before the shortened sleep had 
been imposed on participants in the SR condition (Figure 4.2a). However, log cortisol 
significantly differed between SR and CON conditions on day 2 (Figure 4.2b) and day 
3 in the late afternoon and evening (Figure 4.2c). Specifically, participants in the SR 
condition had higher log cortisol levels than the CON condition at 17:30 (+ 0.62, SED 
= 0.19, P = 0.02) and 19:30 (+ 0.50, SED = 0.19, P = 0.04) on day 2 and at 15:30 (+ 
0.60, SED = 0.19, P = 0.02), 17:30 (+ 0.66, SED = 0.19, P = 0.01) and 21:30 (+ 0.50, 
SED = 0.19, P = 0.04) on day 3. Furthermore, log cortisol levels in the SR condition 
on day 3 at 15:30 (+ 0.51, SED = 0.19, P = 0.03), 17:30 (+ 0.52, SED = 0.19, P = 
0.03), 19:30 (+ 0.57, SED = 0.19, P = 0.02) and 21:30 (+ 0.67, SED = 0.19, P = 0.01) 
were higher than at these time points on day 1, when firefighters had not been exposed 
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to any sleep restriction (Figure 4.3b). Meanwhile, there were no significant differences 
in diurnal cortisol levels between days among subjects in the CON condition (Figure 
4.3a). 
 
Area under the Daily Cortisol Curve 
The LMM fitted with an unstructured covariance structure was determined to have the 
best fit for log AUC cortisol data after inspection of the AIC and ∆AIC values. The 
LMM showed that day (F = 7.35, df = 2, P = 0.01), condition (F = 5.54, df = 1, P = 
0.02) and the interaction between day and condition (F = 8.22, df = 2, P = 0.01) all 
had statistically significant effects on log cortisol AUC. 
 
Pairwise comparison of predicted REML means indicated that the log cortisol AUC 
was greater in the SR condition on day 2 (+ 4.75, SED = 1.95, P = 0.02) and day 3 (+ 
6.70, SED = 1.75, P < 0.001) compared to the CON condition on their respective days 
(Figure 4.4). Furthermore, participants in the SR condition had a higher log cortisol 
AUC on day 2 (+ 4.51, SED = 0.94, P < 0.001) and day 3 (+ 6.68, SED = 0.18, P < 
0.001) compared to day 1 and a higher AUC on day 3 (+ 2.17, SED = 0.67, P < 0.01) 
compared to day 2 (Figure 4.4). Meanwhile there were no significant differences in 
log cortisol AUC between days in the CON condition (Figure 4.4). 
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Figure 4.2 Predicted REML means for cortisol profiles in CON and SR condition on 
day 1 (a; no sleep restriction prior to this day), day 2 (b) and day 3 (c). Data was log-
transformed prior to analysis. For ease of interpretation, back-transformations of the 
means to nmol/L ± standard errors are presented. Dotted lines represent normal cortisol 
levels of healthy adults (Westermann et al. 2004). Significant comparisons between 
conditions are indicated by * (P < 0.05).   
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Figure 4.3 Predicted REML means for cortisol profiles across days in CON (a) and SR 
(b; no sleep restriction prior to day 1). Data was log-transformed prior to analysis. For 
ease of interpretation, back-transformations of the means to nmol/L ± standard errors 
are presented. Significant comparisons are indicated by * (P < 0.05). 
 
Figure 4.4 Predicted REML means for logged cortisol AUC ± standard errors. 
Significant comparisons between conditions and between days (i.e., day 1 v day 2, day 
2 v day 3 and day 1 v day 3) are indicated by * (P < 0.05).  
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Heart Rate 
To analyze daily HR profile, several LMM were fitted to 5-minute averaged HR data. 
The model with the lowest AIC was the AR1 model and after inspection of the ∆AIC 
values, it was considered to have the best fit. When time was catered for as a 
continuous covariate, there was evidence of separate nonlinear trends between days, 
but no evidence of separate nonlinear behaviour for the conditions or the combinations 
of condition and days. As a result, the AR1 model with a separate spline term fitted 
for each day was identified as the final model. A fixed effect for time (F = 19.96, df = 
1, P < 0.001) and interaction effect for day by time (F = 5.86, df = 2, P < 0.01) on 5-
minute average HR were demonstrated. Using least significant differences (1.96 ° 
max SED (2.5) = 4.9 beats/min; Figure 4.5), comparisons of HR between days at 
specific time points indicate that HR decreased across days, but there were no 
significant differences found between conditions.  
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Figure 4.5 Predicted REML means for day by time interaction of 5-minute average 
HR. Significant comparisons of HR between days within the same time are indicated 
by least significant difference (1.96 ° max SED) error bar. 
 
Discussion  
Firefighters in this study were exposed to 3 days of simulated physical firefighting 
work separated by either an 8-h (i.e., CON condition) or restricted 4-h sleep 
opportunity (i.e., SR condition) each night in mild temperatures. Findings 
demonstrated that prior to participants in the SR condition being exposed to shortened 
sleep, there were no differences in cortisol between conditions on day 1 (Figure 4.2a). 
However, on day 2 (Figure 4.2b) and day 3 (Figure 4.2c) of the study, firefighters in 
the SR condition exhibited an elevated diurnal cortisol profile and AUC (Figure 4.4), 
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compared with the CON condition. Meanwhile, firefighters’ HR decreased across the 
3 days of testing, yet there were no differences in the decline of HR between the CON 
and SR conditions (Figure 4.5). 
 
In the absence of a stressor, the release of cortisol follows a normal diurnal pattern, 
characterised by a morning rise, followed by a gradual decline during the afternoon, 
through to a nadir in the evening (Miller et al. 2007). Cortisol levels in both conditions 
on day 1 of this study reflected this normal diurnal change. However, following the 
shortened sleep period, participants in the SR condition demonstrated higher afternoon 
and evening cortisol levels than the CON condition (Figure 4.2b, Figure 4.2c). These 
levels in the SR condition reached the upper limit of the adult normal reference range 
in the afternoon on day 2 of the simulation, and exceeded the normal range on day 3 
at these time points (Westermann et al. 2004). If prolonged, a cumulative trend for 
elevated cortisol in the latter part of the day has been associated with age-related 
insulin resistance which can increase metabolic and cardiovascular risk (Dallman et 
al. 1993; Kern et al. 1996) and highlights a possible pathogenic process by which the 
combination of sleep loss and physical firefighting work may play a role in the 
development of metabolic and CVD. 
 
Although elevated, early afternoon (i.e., 13:30) cortisol levels in the SR condition on 
day 2 (+ 39%; Figure 4.2b) and day 3 (+ 38%; Figure 4.2c) were not significantly 
different to the CON condition and less than that reported for military personnel 
exposed to 40-h of sleep deprivation (+150%; Goh et al. 2001) in the absence of 
physical activity. Leproult et al (1997) also found a greater increase in cortisol levels 
later in the day following complete sleep deprivation (47%) compared to partial sleep 
restriction (37%; 3-h). This could suggest that the length of acute sleep restriction 
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influences the degree to which cortisol levels change the following day, with more 
extreme periods of sleep restriction eliciting a greater increase in cortisol. One 
mechanism that may explain the relationship between shortened sleep and cortisol 
release, is the inhibiting effect slow wave sleep (SWS) is known to have on this 
hormone (Bierwolf et al. 1997; Vgontzas et al. 1999). For instance, more extreme 
periods of sleep loss would result in less total SWS, causing less inhibition of cortisol 
and therefore, a greater overall increase in cortisol the following day. Conversely, 
some sleep investigations (that did not examine combined physical work and 
completely restricted physical activity) failed to find an association between SWS and 
cortisol (Vgontzas et al. 1999; Wu et al. 2008), indicating that further research is 
required to understand the mechanisms underlying sleep-associated changes in cortisol 
levels and how this relationship is moderated by additional stressors such as physical 
work. 
 
Firefighting work and sleep restriction resulted in a significant increase in AUC from 
day 1 to day 2 of the simulation (14%), followed by a further increase on day 3 (6%; 
Figure 4.4). Acutely elevated AUC has been positively associated with increased 
markers of inflammation, including IL-6 (Desantis et al. 2012), and increased negative 
affect (Piazza et al. 2013). In addition to the link between negative affect and chronic 
health outcomes (i.e., depression; Peeters et al. 2006), distinct short-term increases in 
negative affective states have been associated with acute reductions in working 
memory (Spies et al. 1996) and task motivation (Brose et al. 2012), which for 
firefighters, could have adverse implications on job performance and safety. An 
elevation in IL-6, if chronic, can also signal systematic inflammation and have 
detrimental consequences on cardiovascular health (Willerson and Ridker 2004), 
which is an issue for wildland and urban firefighting populations in the USA (Kales et 
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al. 2007; United States Fire Administration 2014). Conversely, there is no evidence of 
an increase in cardiovascular-related mortality (Glass et al. 2014) or a higher 
prevalence of CVD risk factors for Australian wildland firefighters when compared to 
the general population (Wolkow et al. 2014). Therefore, research is needed to establish 
if there is a link between increased cortisol AUC observed in response to wildland 
firefighting demands in the current study and the long-term cardiovascular health of 
Australian firefighters. Furthermore, the direct relationship between AUC and other 
health outcomes (e.g., atherosclerosis, metabolic syndrome) is less clear (Austin-Ketch 
et al. 2010; Hajat et al. 2013; Matthews et al. 2006). 
 
The current study is the first to examine daily cortisol AUC among civilian emergency 
service personnel exposed to physical work and/or sleep restriction. The more 
commonly used daily measure of HPA-axis activity is mean daily cortisol. For 
example, soldiers’ mean daily cortisol levels have been reported to increase 130% to 
150% above baseline following exposure to multiple days of work with limited sleep 
(1 to 3 h total sleep; Opstad 1994; Opstad and Aakvaag 1981) and between survival 
training and free-living conditions (Taylor et al. 2008). Unlike mean cortisol levels, 
AUC involves the use of multiple samples to assess the overall secretion of cortisol 
over a specific time period (i.e., each work day; Pruessner et al. 2003), complementing 
the analysis of the diurnal cortisol profile (Figures 4.2 and 4.3; Adam and Kumari 
2009). In comparison to the current study, military-based studies that investigated 
mean cortisol levels were based on fewer samples per day, suggesting that soldier’s 
daily cortisol levels be interpreted with caution. If the results are comparable, a 
possible explanation for the elevated cortisol levels among military personnel is the 
presence of specific psychological stressors and their potential impact on HPA-axis 
function. For instance, investigations by Taylor et al. (2008) and Opstad and Aakvaag 
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(1981) involved simulated captivity and irrational punishment respectively, which are 
psychological stressors unique to military work and not yet documented in firefighting. 
A further reason for the lower increase in cortisol could be due to the current firefighter 
sample having, on average, more years of occupational experience than the researched 
military personnel (Opstad 1994; Taylor et al. 2008). Some research suggests that the 
HPA-axis can adapt to repetitive prior experience of a stressor (Andersen et al. 2013; 
McEwen 1998). Therefore, it is possible a greater amount of firefighting experience 
resulted in a more moderate release of cortisol among personnel in the current study. 
However, further firefighting specific research is needed to determine the possible 
attenuating effect of experience in this occupation on cortisol. 
 
Morning cortisol levels in the SR condition on day 3 (Figure 4.2c) showed a clear trend 
towards being significantly greater than the CON condition at 07:30 (P = 0.053) and 
09:00 (P = 0.065). Serum morning (i.e., 07:00) cortisol levels were also investigated 
among personnel completing a 7-day military training exercise that comprised semi-
continuous physical work and extreme sleep restriction (1 h per 24 h; Gundersen et al. 
2006; Lundeland et al. 2012). Similar to the current study, cortisol levels increased 
from baseline to day 4 (Gundersen et al. 2006) and 5 (Lundeland et al. 2012) of 
training, but returned towards baseline by the last day of training. Elevated morning 
cortisol levels have been associated with several adverse psychological health effects 
including the onset of depression, as well as low positive affect (Harris et al. 2000; 
Steptoe et al. 2007). However the return towards baseline could indicate that soldiers' 
endocrine systems were able to adapt to the sleep restriction and physical work 
demands by the final day, potentially mitigating adverse outcomes. In the present 
study, the 3-day work protocol was chosen to reflect the period firefighters are 
typically deployed to fight campaign fires (Cater et al. 2007; Ferguson et al. 2011). 
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However, firefighters can be deployed to fight wildfires that exceed 3 days (Ruby et 
al. 2002). Therefore, a possible trend for increased morning cortisol levels by day 3 in 
the SR condition, which may adversely affect psychological health (Harris et al. 2000; 
Steptoe et al. 2007), warrants future research; specifically the impact of longer periods 
(i.e., 1 week) of physical work and sleep restriction on morning cortisol levels among 
personnel. Understanding how firefighters’ stress systems respond (and potentially 
adapt) when exposed to occupational demands over longer durations will provide 
agencies with important knowledge for managing fatigue related risks among 
personnel combating extended wildfires. In addition, examining how re-deployments 
(to the fire-ground), or in the case of volunteer personnel, returning to outside 
employment, impact cortisol levels would be valuable to further understand the effect 
of extended and repeated exposure to these demands on firefighters’ health. 
 
A prolonged cortisol response is a form of allostatic load that indicates an inability in 
HPA-axis to shut off following a stressor (McEwen and Seeman 1999). Short sleep 
and chronic, inappropriate activation of the HPA-axis have been associated with 
abdominal obesity (Brunner et al. 2002; Van Cauter et al. 2008). Although there were 
no significant differences in BMI between conditions, the SR condition had an average 
BMI of 29.6 ± 5.5 kg/m2 which is almost obese (i.e., > 30.0 kg/m2), and therefore, may 
have contributed to the higher cortisol levels found in this condition. However, future 
research employing the use of more reliable body composition measures (e.g., 
abdominal height and waist circumference) are needed. Chronically elevated cortisol 
can also lead to altered glucose regulation, which together with abdominal obesity, are 
medical conditions that comprise the metabolic syndrome (Brunner et al. 2002; Van 
Cauter et al. 2008). Assessing if activation of the HPA-axis is chronic can be achieved 
by measuring the time it takes cortisol to recover to pre-stressor levels. To date, 
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military- and sleep-based research indicates that the total time (including sleep) it takes 
cortisol to return to baseline once stressors are removed can vary (Opstad 1994; 
Pejovic et al. 2013; Wu et al. 2008). Accordingly, examining the duration and/or 
number of recovery sleep(s) required for cortisol levels to lower to baseline following 
the 3-day firefighting deployment would be valuable for fire agencies to determine the 
minimum recovery time required prior to a return to the fire-ground. This is an 
important area for future research, given that premature return to work with already 
elevated cortisol levels may exacerbate any subsequent cortisol responses and result 
in chronic HPA-axis activation, which increases the risk of adverse long-term health 
outcomes. Specifically, future research should first examine the impact single recovery 
sleeps of varying durations (i.e., 5-h, 6-h, 7-h, 8-h, 9-h and 10-h sleep opportunities) 
have on cortisol levels the following day. Comparing this data to cortisol levels from 
day 1 in the current study as well as the adult normal reference range will establish if 
a single sleep is capable of restoring cortisol to baseline, and if so, will identify to 
agencies the minimum amount of recovery sleep needed to safely return personnel to 
the fire-ground. If a single recovery sleep provides insufficient time to reverse the 
impact of sleep restriction on cortisol, then multiple nights of recovery sleep should be 
trialed. 
 
While cortisol levels increased over the duration of the study among participants in the 
SR condition, the change in HR between conditions was not different. Instead, the HR 
profile decreased across each of the days (Figure 4.5), yet there were no differences 
between conditions. The current study is the first to investigate how both the HPA-
axis and SAM system respond to the combination of physical work and sleep 
restriction in firefighters. To date, only two studies have investigated how both these 
stress systems respond to multiple demands among other emergency personnel (Samel 
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et al. 2004) and the general population (Konishi et al. 2013). Findings from the 
available literature have been mixed (Konishi et al. 2013; Samel et al. 2004) and in 
contrast to the increased cortisol, but lowered HR observed in the current study. For 
instance, Samel et al. (2004) found that 7 days of helicopter operations separated by 
moderate sleep restriction each night (i.e., ≤ 6 h) triggered pilots’ mean daily cortisol 
levels to increase 50 to 80% above baseline (i.e., off-duty days), but HR response did 
not exceed 120 beats/minute and there was no change in HR across successive days of 
work. Furthermore, Konishi et al. (2013) found that HR decreased during an exercise 
tolerance test following 34 h of complete sleep deprivation, yet there was no change 
in cortisol.  
 
Several military and exercise-based studies have investigated the combined effect of 
prolonged physical work and extreme sleep restriction on HR, independently of 
measuring cortisol (Dabrowski et al. 2012; Myles 1987; Neylan 2008; Scott and 
McNaughton 2004). Findings indicate that long periods of intermittent exercise (e.g., 
cycle ergometer, treadmill) or physical military-based tasks (e.g., marching, combat 
engineer operations) in combination with 24 to 70 h of complete sleep deprivation 
resulted in an unchanged (Myles 1987; Scott and McNaughton 2004) or decreased 
exercise HR (Dabrowski et al. 2012; Neylan 2008). Research by Dettoni et al. (2012) 
and O’Leary (2014) also found resting HR remained unchanged in response to a 4-h 
period of sleep restriction investigated over separate 5- and 1-night protocols, 
respectively. Similar to Dettoni et al. (2012) and O’Leary et al. (2014), sleep restriction 
in the current study did not appear to accentuate the change in HR response among 
firefighters. This may indicate that the period and/or length of sleep restriction 
investigated may not be a significant enough stressor to affect HR over and above the 
influence of simulated physical work in mild temperatures. 
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The decrease in HR over the 3 days of firefighting work may have been due to 
participants becoming increasingly more economical in executing the actions required 
to complete the physical tasks. Practice-related effects in response to repeated exercise 
performance may reduce the internal mechanical work needed to coordinate the limbs, 
resulting in reduced metabolic energy expenditure (Sparrow et al. 1999). Reduced HR 
could have also resulted from attenuated sympathetic nervous system activation 
(Dabrowski et al. 2012; Konishi et al. 2013), suggesting an adaptive SAM system 
response to the demands. However, activation of the HPA-axis can trigger the 
sympathetic nervous system (Tsigos and Chrousos 2002). Therefore, to better 
understand the mechanisms contributing to a lowered HR response (e.g., altered 
epinephrine and norepinephrine levels), research adopting direct measures of the SAM 
system is needed, such as the measurement of catecholamines. While not assessing 
catecholamine levels is a limitation of the current study, it is important future research 
takes into consideration that an accurate assessment of this biomarker requires frequent 
24-h urine or blood testing (Chandola et al. 2010; Weinkove 1991), in which smoking, 
caffeine and certain foods are restricted, limiting the practicality of this biomarker in 
a high fidelity field environment (Hjemdahl 1993; Lundberg 2008). Furthermore, 
metabolic stress caused by glycogen depletion has been associated with elevations in 
cortisol and HR (Branth 2006). Therefore, the restricted energy intake and sleep 
restriction (Opstad 1994) may have contributed to the large rise in cortisol among 
military personnel (Baty et al. 2007; Gleeson et al. 1998). Conversely, other studies 
have found no change in cortisol or HR responses to restricted CHO and/or energy 
intake during physical work (Glickman-Weiss et al. 1995; Thyfault et al. 2004). 
Adhering to fire-ground practices, food and drink intake in the current study was ad 
libitum. Therefore, not controlling for firefighters diet in the current study may explain 
the lower CHO and energy intake on day 3 in the SR condition. Although this is a 
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limitation, CHO and energy intakes remained within normal adult levels (Food and 
Agricultural Organization 2004; National Health and Medical Research Council 2013) 
and were higher than those reported among military personnel (Opstad 1994). An ad 
libitum intake of fluid also resulted in higher caffeine consumption for the SR 
condition on day 1 and day 2 when compared to the CON, which is a further limitation 
of this study. The cortisol response to exercise (Cook et al. 2012; Lovallo et al. 2006) 
can increase with high doses of caffeine (e.g., > 250 mg), but this response is reduced 
in regular caffeine users (Lovallo et al. 2005). Caffeine intakes in the SR group were 
not different to habitual caffeine consumption, nor were they as high as those examined 
in previous studies (Cook et al. 2012; Lovallo et al. 2006). Therefore, it is less likely 
lower energy and/or CHO intakes and higher caffeine consumption among the SR 
condition contributed to increased cortisol levels observed in the current study. 
 
Firefighters’ diurnal cortisol levels increased outside of the normal range reported for 
adults (Westermann et al. 2004). Growing evidence suggests that chronically high 
diurnal cortisol levels both near, and above the normal levels are positively associated 
with increased CVD risk (Lippi et al. 2008; Prodam et al. 2013; Rosmond et al. 2003). 
Furthermore, heart disease is the leading cause of on-duty death among firefighters 
(Kales et al. 2007). Given the association between chronically elevated cortisol and 
CVD (Lippi et al. 2008; Rosmond et al. 2003) and other adverse health effects (e.g., 
mood disorders; Mackin and Young 2004), these findings draw further attention to the 
need for research on the effects of longer and chronic exposure to wildland firefighting 
work and restricted sleep on long-term cortisol levels. Future research will also help 
to better understand the mechanisms through which restricted sleep and firefighting 
work affects abnormal HPA-axis function and potentially contributes to the 
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pathogenesis of CVD and mood disorders among firefighting personnel (An et al. 
2015; Carey et al. 2011; Cook and Mitchell 2013; Kales et al. 2007). 
 
Conclusion 
This is the first study to investigate the combined effect of simulated physical 
firefighting work and sleep restriction on firefighters’ cortisol and HR responses. 
Findings indicate that 3 days of physical firefighting work separated by 2 nights of 
restricted sleep resulted in an increased cortisol response over successive days of 
simulated work. Meanwhile, firefighters’ HR levels decreased across each day of 
simulated work, but this change was not different between conditions. These findings 
could demonstrate that the SAM system responds to these simulated demands in mild 
temperatures by lowing HR levels, but further research should, where possible, directly 
measure SAM system activity (i.e., catecholamine levels) to further understand the 
possible mechanisms contributing to a lowered HR response. Furthermore, the results 
highlight the protective role an 8-h sleep opportunity between shifts of simulated 
firefighting work has on preserving normal cortisol levels when compared to a 4-h 
sleep opportunity. Given the number of adverse health outcomes associated with 
chronically high cortisol levels (Lippi et al. 2008; Mackin and Young 2004; Rosmond 
et al. 2003; Silverman and Sternberg 2012), future research should examine how 
prolonged exposure to firefighting work and restricted sleep (e.g., long or multiple 
deployments over a fire season) affects firefighters’ cortisol levels in the medium to 
longer term. In addition, examining the amount and/or number of recovery sleep(s) 
required to restore cortisol levels to baseline following a firefighting deployment is 
important to fully understand how these occupational demands impact on the 
functioning of the HPA-axis while determining the minimum recovery time required 
for firefighters to safely return to the fire-ground. These findings also provide a basis 
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for further investigation among other occupations with similar periods of physical 
work and sleep restriction to firefighting (e.g., mining, rescue workers). 
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Abstract 
Purpose: The interplay between inflammatory and cortisol responses modulate an 
appropriate response to a stressor. Exposure to severe stressors however, may alter the 
actions and relationships of these responses and contribute to negative health 
outcomes. Physical work and sleep restriction are two stressors faced by wildland 
firefighters, yet their influence on the relationship between inflammatory and cortisol 
responses is unknown. The aim of the present study was to quantify the relationship 
between cytokine and cortisol responses to sleep restriction while performing 
simulated physical wildfire suppression work. 
Methods: Firefighters completed 3 days of simulated physical firefighting work 
separated by either an 8-h (Control condition; n=18) or 4-h sleep (Sleep restriction 
condition; n=17) opportunity on each of the 2 nights. Salivary cortisol and 
inflammatory cytokines (IL-6, IL-8, IL-1β, TNF-α, IL-4, IL-10) were measured 
throughout each day. 
Results: An increase in morning IL-6 was related to a rise (6.2%; p = 0.043) in evening 
cortisol among firefighters in the sleep restriction condition. Higher morning IL-6 
levels were related to increased (5.5%; p = 0.048) daily cortisol levels, but this 
relationship was not different between conditions. Less pronounced relationships were 
demonstrated between TNF-α, IL-10, IL-4 and cortisol independent of the sleep 
opportunity, but relationships did not persist after adjusting for demographic factors 
and other cytokines. 
Conclusions: These findings quantify the relationship between cytokine and cortisol 
responses among wildland firefighters exposed to simulated occupational stressors. 
Potential disturbances to the IL-6 and cortisol relationship among sleep-restricted 
firefighters’ supports further investigations into the negative health effects related to 
possible imbalances between these systems.  
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Introduction 
A fundamental relationship exists between the immune and endocrine systems to 
modulate an adequate response to physiological and psychological stressors (Turnbull 
and Rivier, 1999, McEwen et al., 1997, Elenkov, 2008, Elenkov and Chrousos, 2002). 
The precise physiological mechanisms underlying this relationship are not fully 
understood. Evidence does suggest that activation of a bi-directional feedback loop 
between the end-products, cytokines and cortisol, is central to the appropriate 
functioning of the hypothalamic-pituitary-adrenal (HPA)-axis, while maintaining 
homeostasis of the immune system (Petrovsky, 2001, Turnbull and Rivier, 1999). For 
example, exposure to a stressor and the subsequent release of certain inflammatory 
cytokines such as Tumor Necrosis Factor-alpha (TNF-α), Interleukin (IL)-10 and IL-
6 activate the HPA-axis and cause the release of cortisol (Turnbull and Rivier, 1999, 
Steensberg et al., 2003). The anti-inflammatory effects of cortisol then feed back and 
suppress further release of cytokines (Turnbull and Rivier, 1999, Riechlin, 1993, 
Chrousos, 1995, Elenkov and Chrousos, 1999). 
 
Whilst the effect of cortisol on the immune system has been typically shown to be 
immuno-suppressive in nature, cortisol can also be immuno-modulatory (Desantis et 
al., 2012, Elenkov and Chrousos, 2002, Elenkov, 2008, McEwen et al., 1997). For 
instance, exposure to chronic or severe stressors can cause prolonged activation of the 
HPA-axis and excessive cortisol release, which is thought to contribute to 
inflammation by impairing the function of glucocorticoid receptors (e.g., down 
regulation, reduced expression, nuclear translocation; Mackin and Young, 2004, 
Kunz-Ebrecht et al., 2004, Silverman and Sternberg, 2012). Glucocorticoid receptor 
abnormalities reduce the immune system’s capacity to respond to cortisol and lower 
inflammation, resulting in concurrently sustained levels of cytokine and cortisol 
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release (Miller et al., 2002, Chrousos, 1995, Elenkov and Chrousos, 1999). Altered 
immune-endocrine interactions have been linked to adverse health outcomes including 
coronary artery disease (Nijm and Jonasson, 2009) and depression (Lutgendorf et al., 
2008, Haddad et al., 2002). It is therefore important to further explore cytokine and 
cortisol relationships to provide evidence-based recommendations for firefighting 
populations where there is a high prevalence of mood disorders (An et al., 2015, Carey 
et al., 2011, Cook and Mitchell, 2013) and cardiovascular disease (CVD)-related 
events and/or risk factors (Wolkow et al., 2014c, Kales et al., 2007). 
 
Research has demonstrated that the combined stressors of sleep restriction and 
physical work, which are common in emergency service occupations such as 
firefighting (Aisbett et al., 2012), can result in either increased cortisol (Wolkow et al., 
2014b, Opstad, 1994, Opstad and Aakvaag, 1981) or altered cytokine levels 
(Abedelmalek et al., 2013, Gundersen et al., 2006, Lundeland et al., 2012, Wolkow et 
al., 2014a). However the degree to which cytokine and cortisol activity are related in 
the context of emergency work demands is unknown. Research has focused on a large 
population of healthy adults (Desantis et al., 2012), clinical samples and/or 
experimental manipulation, such as exogenous cortisol or acute exercise  (DeRijk et 
al., 1997, Miller et al., 2002, Nijm and Jonasson, 2009, Pledge et al., 2011). Findings 
in response to physical stressors have been equivocal. For instance, following a graded 
treadmill exercise test to 100% VO2max, cortisol appeared to supress IL-1β and TNF-
α, but had no effect on IL-6 production (DeRijk et al., 1997). Meanwhile, a more recent 
study by Pledge et al. (2011) found no association between cortisol and IL-6 in 
response to a 45-minute resistance exercise protocol performed in the morning and 
evening. Furthermore, a review by Gόmez-González and colleagues (2012) proposed 
that because sleep loss alters hormone and cytokine release, sleep loss further 
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compromises the integrity of immune-endocrine interactions, though research 
examining the relationships between responses is needed. Firefighters exposed to 
multiple days of physical firefighting work separated by either an 8-h or restricted 4-h 
sleep exhibited significant changes in inflammatory cytokines (IL-6, TNF-α, IL-8, IL-
1β and IL-4) and daily cortisol levels (Wolkow et al., 2014a, Wolkow et al., 2014b). 
Determining if these changes in cortisol and cytokine levels are related is important in 
understanding the physiological interactions underlying these responses to physical 
work and sleep restriction. Further knowledge of immune-endocrine relationships may 
help identify early indicators of chronic health outcomes associated with a 
dysregulation between inflammatory and cortisol responses (Haddad et al., 2002, 
Lutgendorf et al., 2008, Nijm and Jonasson, 2009).  
 
Therefore, the aim of the present study was to examine whether there was a 
relationship between cytokines and morning, evening and total daily cortisol output 
and if the observed relationships were altered by sleep restriction. To quantify potential 
relationships between physiological responses, cytokine and cortisol samples were 
obtained simultaneously at frequent intervals among firefighters completing a 3-day 
and 2-night simulated fire-ground deployment, with and without sleep restriction each 
night. Specifically, we hypothesised that sleep restricted firefighters would have 
increased IL-6, IL-1β, IL-8 and TNF-α related to higher cortisol levels. 
 
Materials and Methods 
Participants 
This study was based on data from 30 male and 5 female wildland firefighters (32 
volunteer, 3 salaried personnel) who underwent a simulated 3-day fire-ground 
deployment. Participants were recruited from Australian state and territory-based fire 
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agencies (Victoria, Tasmania, Australian Capital Territory, South Australia and New 
South Wales) and included in the study if they had not been diagnosed with any form 
of respiratory or sleep disorders, heart disease or diabetes. For purposes of analyses, 
participants were matched for age, sex and body mass index (BMI) and then randomly 
assigned to either a control (CON) or sleep restriction (SR) condition based on the 
participant’s availability to attend the testing period, assigned at random to the 
condition. This method of randomization accounted for firefighters availability to 
volunteer their time for the study (without financial compensation), ensuring an equal 
chance for each participant being allocated to either condition. There were no 
significant differences between conditions in BMI (p = 0.113), age (p = 0.913), pre-
simulation physical activity levels (p = 0.372) or years of firefighting experience (p = 
0.593; Table 5.1). Participants completed a short occupational and firefighting history 
questionnaire and were assessed pre- and post-testing to exclude anyone who sustained 
an injury or became ill directly prior or during testing that could influence the 
inflammatory or cortisol levels measured and confound any subsequent comparisons. 
One firefighter in the SR condition withdrew due to injury and therefore, a final sample 
of 17 firefighters in the SR condition and 18 firefighters in the CON condition 
completed this study. Information on injury, illness, and health outcomes were 
obtained from participants pre- and post-study, but this data was only used for study 
exclusion purposes and will not be described in any further detail. Participation was 
voluntary and all firefighters provided written informed consent prior to commencing 
data collection. This study was approved by the institutions Human Research Ethics 
Committee and all procedures were in accordance with the Helsinki Declaration of 
1975, as revised in 2008.  
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Table 5.1 Characteristics of firefighters in CON and SR conditions 
Characteristic CON (n = 18) SR (n = 17) 
Age (years) 39 ± 16 39 ± 15 
Men:Women 15:3 15:2 
Weight (kg) 84.9 ± 17.8 93.8 ± 20.2 
Height (cm) 178.1 ± 7.7 177.8 ± 7.4 
BMI (kg/m2) 26.8 ± 5.0 29.6 ± 5.5 
Firefighting experience 
(years) 
6 (min-max 1.0-39.0) 10 (min-max 1.0-20.0) 
Pre-simulation (16-h) 
physical activity (total 
activity counts) 
305233 ± 34369 256726 ± 19609 
Note: BMI = Body Mass Index; Age, Weight, Height and BMI are presented as mean 
± standard deviation; Firefighting experience is presented as median years and 
minimum-maximum years; For ease of interpretation, pre-simulation log physical 
activity data was back-transformed to total activity counts. 
 
On arrival at the testing venue participants completed a familiarization session of the 
physical work tasks and physiological tests, followed by an adaptation night (8-h sleep 
opportunity) in the testing environment. Participants then completed a 3-day and 2-
night simulated fire-ground deployment. On each night, participants in the CON 
condition had an 8-h sleep opportunity (i.e., bedtime 22:00-06:00), while participants 
in the SR condition had a 4-h sleep opportunity (i.e., bedtime 02:00-06:00). Sedentary 
factors such as extended travel time between the fire front and the staging area (i.e., 
campsite) or home, difficulty sleeping in an unfamiliar and noisy environment at the 
staging area and winding down after a shift can contribute to sleep restriction on the 
fire-ground (Cater et al. 2007). To reflect these conditions, participants in the SR 
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condition were free to perform sedentary leisure activities (e.g., watching television, 
reading etc.) until the delayed bedtime. The duration of sleep restriction in this study 
was based on Australian wildland firefighters' self-reported average sleep per rest 
period on the fire-ground (Cater et al., 2007). Both conditions received an 8-h recovery 
sleep opportunity after testing to ensure that all participants were rested before leaving 
the testing venue. Participants slept on camp beds in the simulated testing environment 
to replicate sleeping conditions when deployed to the fire-ground (Cater et al., 2007).  
 
All testing procedures were performed in a 9 ° 13 metre room that was climate-
controlled. Windows were blacked out and ceiling room lights turned on during each 
wake period (i.e., lights on between 06:00-22:00 in the CON condition and 06:00-
02:00 in the SR condition) and turned off each night during the sleep period (i.e., lights 
off between 22:00-06:00 in the CON condition and 02:00-06:00 in the SR condition). 
Therefore, participants were not time isolated, as they knew when it was night time 
and day time, thus preventing the potentially confounding influence a 
desynchronisation between the external environment and internal physiological 
rhythms has on cortisol and cytokine responses. Throughout the protocol, the testing 
environment was maintained at moderate temperatures (18-20oC) in both conditions 
using split cycle air-conditioners (Daikin Industries Ltd, Japan). Ambient air 
temperature was monitored using a wireless temperature and humidity logger (HOBO 
ZW_003, One Temp Pty Ltd, Australia), data receiver (HOBO ZW_RCVR, One Temp 
Pty Ltd, Australia) and software (HOBO Pro Software, One Temp Pty Ltd, Australia). 
Adhering to fire-ground practices, food and drink intake during the study was ad 
libitum and the amount of fluid ingested was recorded. This data was then extracted 
using the FoodWorks 7 nutrition software (2012 Xyris Software Pty Ltd, Australia). 
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Although food intake was recorded, the measurement of daily fluid consumption from 
food and drink combined has only been reported in the results section. 
 
Participants in both conditions were tested in groups of 3 to 5. All participants 
completed a 2-h testing block, 3 times on day 1 and 5 times on day 2 and day 3 (Figure 
5.1). Each testing block consisted of a 55-minute work circuit simulating physical 
wildland firefighting work (Phillips et al., 2012), followed by physiological (20-25 
min) and cognitive (20-25 min; to be reported elsewhere) data collection periods and 
a 15-20 min rest period. The time allocated to physical work and rest periods described 
above reflects the physical activity profile observed across a shift on the fire-ground 
(Phillips et al., 2011, Aisbett et al., 2007, Raines et al., 2013).  
 
Simulated Physical Firefighting Work Circuit: The physical work circuit comprised 6 
simulated wildland firefighting tasks designed to mimic the physical demands 
involved in Australian wildfire suppression work (Phillips et al., 2012, Ferguson et al., 
2011, Vincent et al., 2015). A job task analysis was used to design the firefighting 
work circuit. Each of the tasks identified for inclusion in the circuit have been verified 
by panels of firefighter subject matter experts (including senior operational 
firefighters, occupational health and safety personnel and training officers) as being 
representative of the movements that encompass key firefighting tasks performed 
frequently on the fire-ground by each of Australia’s state and territory-based fire 
agencies (Ferguson et al., 2011, Phillips et al., 2012). This maximised the 
generalisability of potential findings to firefighters across Australia. The firefighting 
tasks included; lateral repositioning of a hose, rake-hoe work, hose rolling, charged 
hose advance, black out hose work, and static hold of a hose. The performance of each 
physical task (i.e., repetitions completed for each task within each work period) was 
Chapter 5 Study 3 
 
170 
 
self-paced and completed in a pre-determined order with work-to-rest ratios designed 
to mimic the performance of these tasks on the fire-ground (Ferguson et al., 2011, 
Vincent et al., 2015, Phillips et al., 2015). 
 
Blood Sampling and Cytokine Analysis: Fingertip capillary blood samples were 
collected to determine IL-6, IL-8, IL-1β, TNF-α, IL-4 and IL-10 cytokine levels in 
blood plasma at 4 time points each day: a fasting sample in the morning (i.e., 06:15), 
late morning (i.e., 11:30), evening (i.e., 18:15) and at night (i.e., 21:30; Figure 5.1). To 
prevent the potential for acute postprandial changes in cytokine levels, samples 
collected at 11:30 and 18:15 were completed before lunch and dinner respectively. 
Prior to sample collection, participants held a heat pack in their hand to aid in blood 
flow to the fingertips. At each time point, a 500-μL sample of whole blood was 
collected in to a microtainer coated with K2 EDTA (Becton Dickinson ref: 365974). 
Whole blood samples were centrifuged for 10 minutes at 5000 revolutions/minute (83 
hertz) and the plasma was separated and stored at <-80°C. Although previous 
emergency service-based studies have used venous blood samples when investigating 
cytokine levels (Bøyum et al., 1996, Gundersen et al., 2006, Lundeland et al., 2012), 
capillary blood samples were chosen because it is a minimally invasive method to 
conveniently obtain multiple daily blood samples from participants wearing personal 
protective clothing and performing repeated bouts of physical work. Some studies 
suggest that, due to a small local inflammatory response to the pinprick, capillary 
blood samples can result in higher cytokine levels (Cullen et al., 2015, Eriksson et al., 
2007). However, recent evidence indicates a close correlation between venous and 
capillary plasma IL-6 responses at rest (Faulkner et al., 2014), as well as during and 
post-exercise (Cullen et al., 2015, Faulkner et al., 2014). Conversely, other reports 
have found that venous and capillary concentrations of TNF-α (Eriksson et al., 2007) 
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and IL-6 (Cullen et al., 2015) differed at rest. However, these studies (Cullen et al., 
2015, Eriksson et al., 2007) did not control factors known to impact resting cytokine 
levels such as the time of day the sample was taken or whether or not the sample was 
taken under fasting conditions (Zhou et al., 2010). Control over these factors in the 
current study limits their potentially confounding influence on cytokine levels at rest. 
 
The Milliplex Human MAP Cytokine immunoassay kit (Millipore, Billerica, MD) was 
used to profile the expression of inflammatory markers in the plasma samples. The 
assay was performed according to the manufacturer’s instructions on the Bioplex 200 
array reader (V.5.0, Bio-Rad Laboratories, Hercules, CA). This involved ensuring that 
quality control samples were run with each cytokine assay. The minimal detectable 
concentrations were 0.06 pg/mL, 0.42 pg/mL, 0.20 pg/mL, 0.05 pg/mL, 0.48 pg/mL 
and 0.07 pg/mL for IL-1β, IL-4, IL-6, IL-8, IL-10 and TNF-α, respectively. Cytokines 
intra- and inter-assay coefficients of variation (CV) were within acceptable ranges 
(Intra-assay 4.5 – 10.0%; Inter-assay 9.8 – 20.5%) for all analytes (CV <25%; Findlay 
et al., 2000, Chowdhury et al., 2009) and comparable to CVs reported for cytokines 
sampled using venous blood in previous exercise-based literature (Abedelmalek et al., 
2013, Cullen et al., 2015, Faulkner et al., 2014). 
 
Saliva Sampling and Cortisol Analysis: Salivary samples were collected using a cotton 
swab (Salivette; Sarstedt, Nümbrecht, Germany) at baseline (i.e., 07:30) and at the 
completion of each physical work circuit (i.e., 09:00, 11:15, 13:30, 15:30, 17:30). 
Further daily samples were taken in both conditions after awakening (i.e., 06:30) and 
in the evening (i.e., 19:30 and 21:30; Figure 5.1). To prevent sample contamination, 
participants were not allowed to eat or drink 15 minutes prior to saliva collection. All 
samples were stored at <-80°C. Samples were then thawed and centrifuged for 10 
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minutes at 5000 revolution/minute (83 hertz) before assessing salivary cortisol 
concentration using a high sensitivity enzyme immunoassay ELISA kit (IBL 
International, Hamburg, Germany). The assay was performed according to the 
manufacturer's directions and read at 450 nm on a luminescence microplate reader 
(Synergy™ 2 SL, BioTek, Winooski, VT). Analytical sensitivity (lower limit of 
detection) was 0.14 nmol/L and the intra- and inter-assay CV were 7.2% and 10.7% 
(both mean 13.8 nmol/L) respectively, which are within the acceptable ranges (i.e., 
Accuracy <15%; Intra-assay CV <10%; Inter-assay CV <15%; Biopharmaceutics 
Coordinating Committee, 2001, Nicolson, 2008). 
 
Sleep and Physical Activity Monitoring: Participants' sleep was recorded using the 
Siesta Portable EEG system (Compumedics E-Series; Melbourne, Victoria, Australia) 
and standard polysomnographic (PSG) montage. Each night, PSG recording began at 
21:00 for both conditions. From each sleep period, participants' total sleep time 
(minutes) was calculated. In addition, participants wore activity monitors (Actical 
MiniMitter/Respironics, Bend, OR, USA) to measure sleep across the 2 nights prior to 
the study. Further information on participants’ physical activity 16 h prior to the 
simulation was provided through the use of activity monitors, which were set to sample 
in 1-minute epochs, with a sensitivity of <40 counts per epoch to distinguish between 
sleep and wake states (Darwent et al., 2008). Activity data was downloaded using 
Actical software (version 3.10, MiniMitter/Respironics, Bend, OR) and analysed and 
expressed using total activity counts. 
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Figure 5.1 Study protocol for the CON and SR condition 
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Statistical Analyses 
Prior to the analysis, cytokine values greater than two standard deviations above (IL-
4 = 5% of sample; IL-6 = 6% of sample; IL-1β = 6% of sample; IL-8 = 6% of sample; 
IL-10 = 5% of sample; TNF-α = 4% of sample) the mean were considered outliers and 
subsequently excluded (Nguyen et al., 2010, Finnerty et al., 2008). Values below the 
detectable range of the Milliplex Human MAP Cytokine immunoassay kit (IL-6 = 
0.9% of sample; IL-1β = 0.2% of sample; IL-8 = 0.7% of sample; IL-10 = 1.4% of 
sample; TNF-α = 0.2% of sample, IL-4 = 18% of sample) were replaced with the 
minimal detectable concentration as advised in the protocol (Liberati et al., 2013, 
Weiskopf et al., 2009). With the exception of TNF-α (for which raw values achieved 
normality and homogeneity of variance), all cytokine, cortisol and activity count 
measurements were adjusted using a natural log-transformation to achieve normality, 
assessed using the Shapiro-Wilk test (p > 0.05). Normality and homogeneity of 
variance of the residuals were further assessed by inspection of the resulting mixed 
model analysis (Field, 2009). The resultant diagnostic plots revealed no departures 
from these required assumptions. Due to the sampling design, a measurement for 
cortisol at 09:00 was missing for all participants on day 1. Consequently, missing value 
codes were appended to the data set, but this did not affect the statistical analyses of 
the data. 
 
Sleep duration, physical activity and demographic characteristics were analysed with 
the Analysis of Variance (ANOVA) method using GenStat software (GenStat for 
Windows 16.1 Edition. VSN International, Hemel Hempstead, UK). To assess the 
possible relationships between inflammatory and cortisol responses, cytokine levels 
were analysed in relation to cortisol parameters which included morning (i.e., 06:30) 
and evening cortisol levels (i.e., 21:30) and total daily cortisol output. Total daily 
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cortisol was determined using the area under the curve (AUC) with respect to ground, 
which was calculated for each participant on each day using the trapezoidal method 
(Pruessner et al., 2003). To investigate possible relationships, the cortisol parameters 
were modelled as a function of morning fasting cytokine levels (i.e., 06:15) and across 
daily cytokine levels (i.e., 06:15, 11:30, 18:15 and 21:30) in separate models. For 
repeated cortisol and cytokine measurements nested within days, subjects and groups, 
linear mixed models (LMM) were fitted by the restricted maximum likelihood 
(REML) method (Payne et al., 2011) using GenStat software (GenStat for Windows 
16.1 Edition. VSN International, Hemel Hempstead, UK). This method allows for the 
possibility of autocorrelation in the repeated cytokine or cortisol measurements (i.e., 
days) on each individual by including a model for the covariance structure. 
 
The final ‘full’ model fitted to morning, evening and AUC cortisol parameters 
included potential fixed and interaction effects critical to the design of the study, which 
included condition and day, along with a two-way interaction of condition by day. To 
investigate possible relationships between the cytokine measures and cortisol 
parameters, this final model fitted potential fixed effects of each cytokine along with 
two-way interactions of condition by cytokine, day by cytokine and potential three-
way interactions of condition by day by cytokine. For each model, random effects of 
group, profile (or participant) and a group by profile interaction were investigated both 
without (i.e., Independence model) and with an Unstructured covariance model for the 
within-subject autocorrelation. 
 
Models fitted to the cortisol parameters investigated each of the cytokines separately 
and all in one model to examine their independent relationships with each of the 
cortisol variables. All models were fit with and without controlling for the 
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demographic factors of sex, age and BMI. Model fit was assessed by Akaike 
Information Criterion (AIC) and small differences (∆AIC) in this criterion compared 
to other candidate models were used to identify parsimonious models (Burnham and 
Anderson, 2002). Statistical significance was set at p < 0.05 and slopes of potential 
interactions are represented using regression (unstandardized) coefficients (b) with 
mean percentage changes presented. 
 
Results 
Sleep, Pre-study Physical Activity and Daily Fluid Consumption 
Sleep duration in the 2 nights prior to the study was not significantly different to the 
adaptation night or between conditions (p > 0.05; Table 5.2). The average total sleep 
time measured for both conditions was similar on the adaptation night (p > 0.05; Table 
5.2). During nights 2 and 3 of the simulation, total sleep time was as expected, given 
the sleep opportunity provided in the CON and SR conditions (p < 0.001; Table 5.2). 
Furthermore, there were no differences between conditions in participants’ physical 
activity levels in the 16-h prior to beginning the study (total physical activity counts p 
> 0.05; Table 5.1). The firefighting history questionnaire also revealed that no 
firefighters attended a firefighting emergency in the 24 h prior to beginning the study. 
No between-condition differences in pre-simulation sleep and physical activity/work 
ensures that on entering the study, both groups had experienced a similar level of acute 
stressors, minimising the impact prior exposure could have on subsequent cortisol and 
cytokine measures. In addition, participants’ mean daily fluid intake was similar 
between conditions on each of the testing days (p > 0.05). 
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Table 5.2 Total sleep time (mean ± standard deviation) for each night in both 
conditions (h) 
Night CON SR 
Pre-study 1 7.3 ± 1.4 6.7 ± 0.9 
Pre-study 2 6.7 ± 1.3 6.2 ± 1.4 
1 (adaptation) 6.3 ± 0.9 6.4 ± 0.7 
2 6.9 ± 0.4 3.6 ± 0.2* 
3 6.9 ± 0.5 3.7 ± 0.2* 
* = p < 0.001 between conditions 
 
Cortisol and Cytokine Relationships 
The LMM with the lowest AIC for each of the cytokines was the full fixed effects 
Independence model which, after inspection of the ∆AIC, had the best fit to model the 
relationship between cytokine and cortisol parameters. While there were no significant 
relationships between any of the cytokines investigated and morning cortisol levels (p 
> 0.05), significant relationships between morning cytokine levels and cortisol AUC 
were demonstrated. A main effect for IL-6 indicated that higher morning levels of this 
cytokine were positively related with greater cortisol AUC levels independent of 
condition (p < 0.001; Table 5.3). For this relationship, a one Standard Error unit 
increase in morning IL-6 was related to a 5.3% rise in AUC, and a 5.5% increase after 
controlling for demographic factors (p = 0.04; Table 5.3). The relationship between 
morning IL-6 and cortisol AUC remained significant after controlling for the other 
cytokines and demographic factors (p = 0.048; b = 0.4923; SE = 5.921), demonstrating 
that the association is independent of IL-8, IL-1β, TNF-α, IL-4 and IL-10, and BMI, 
sex and age. A further two-way interaction of condition by morning IL-6 for cortisol 
AUC indicated a steeper rise in AUC for the SR condition when IL-6 levels increased 
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(p = 0.033; SR b = 4.324, SE = 0.816; CON b = 1.889, SE = 1.122). However, this 
interaction was no longer significant after controlling for demographic factors (p > 
0.05). 
 
Significant relationships between morning TNF-α and IL-10 with cortisol AUC were 
also demonstrated. For instance, positive (increasing) cortisol AUC levels were related 
to a rise in morning TNF-α (p = 0.049; 0.3% increase in AUC; Table 5.3). Conversely, 
there was a negative (decreasing) association for cortisol AUC when morning IL-10 
levels increased (p = 0.029; 2.7% decrease in AUC; Table 5.3). But when controlling 
for other cytokines and demographic factors, the relationships for morning IL-10 and 
TNF-α were no longer significant (p > 0.05). No significant interactions involving 
condition and/or day were found when investigating the relationship between these 
cytokines and cortisol AUC, nor were there relationships between morning levels of 
IL-4, IL-1β and IL-8 with cortisol AUC. 
 
Investigation of possible relationships between cytokine profiles measured across the 
day (i.e., 06:15, 11:30, 18:15 and 21:30) and cortisol AUC revealed significant 
relationships involving the IL-6 and IL-10 daily profiles, independent of the sleep 
opportunity. A main effect indicated positive (increasing) cortisol AUC levels when 
IL-6 increased across the day (p = 0.047; b = 0.240; 1% increase in cortisol AUC), but 
this interaction did not persist after controlling for demographic factors and other 
inflammatory cytokines. When demographic factors were adjusted for, a significant 
interaction between day and daily IL-10 measurements (p = 0.023) indicated that 
higher levels of IL-10 were related to an increase in cortisol AUC on day 2 (b = 0.892; 
2.3% increase in cortisol AUC), while slight negative and positive relationships were 
demonstrated for this parameter on day 1 (b = -0.103; -0.4% decrease in cortisol AUC) 
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and day 3 (b = 0.152; 0.4% increase in cortisol AUC) respectively. But this relationship 
did not persist after controlling for other cytokines (p = 0.07). 
 
Interactions between condition and morning IL-6 levels were demonstrated for 
evening cortisol. In the SR condition, this interaction showed that a rise in morning 
IL-6 was related to an elevation in cortisol that evening, after controlling for 
demographic characteristics (p = 0.043; b = 0.300, SE = 0.154). In the CON condition 
however, this interaction indicated that when morning IL-6 levels increased, evening 
cortisol levels decreased slightly (b = -0.136, SE = 0.210). A one Standard Error unit 
increase in morning IL-6 resulted in a 6.2% rise in evening cortisol for the SR 
condition and 2.5% decrease in this parameter for the CON condition. The 
relationships were significant but partially attenuated after controlling for the other 
cytokines (5.7% increase in SR, b = 0.876, SE = 0.288; 0.5% decrease in CON, b = -
0.914, SE = 0.332; p = 0.039). A further two-way interaction indicated that a rise in 
IL-4 levels was related to positive (increasing) evening cortisol levels in the CON 
condition (b = 0.110), while in the SR condition this interaction demonstrated negative 
(decreasing) evening cortisol levels when IL-4 increased (b = -0.081; p = 0.045). 
However, this relationship was no longer significant after adjustment for demographic 
factors (p > 0.05). 
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Table 5.3 Main effects of each cytokine with cortisol AUC with and without 
controlling for demographic factors 
Note: AUC = Area Under the Curve; BMI = Body Mass Index; b = regression 
(unstandardized) coefficients 
 
Discussion 
Findings from the current study quantify the relationship between cytokine and cortisol 
levels among firefighters exposed to simulated occupational demands. In response to 
the combined stressors of shortened sleep and physical work, an increase in morning 
IL-6 was related to a rise in evening cortisol among firefighters in the SR condition 
and decreased evening cortisol in the CON condition. This relationship remained 
significant when controlling for other cytokines and demographic factors. A positive 
association was also demonstrated in the SR condition between the daily IL-6 profile 
Parameter 
 Morning Fasting Sample 
 IL-6 TNF-a IL-8 IL-1β IL-10 IL-4 
Models uncontrolled for demographic factors (i.e., age, BMI and sex) 
Cortisol 
AUC 
b 
(SE) 
1.525 
(1.104) 
0.386 
(0.238) 
0.149 
(1.296) 
0.207 
(0.700) 
-0.676 
(1.412) 
-0.571 
(0.589) 
F 15.42 4.01 0.11 0.27 4.94 0.80 
p <0.001 0.049 0.738 0.602 0.029 0.372 
% 5.3 0.3 0.6 0.4 -2.7 -1.2 
Models controlled for demographic factors (i.e., age, BMI and sex) 
Cortisol 
AUC 
B 
(SE) 
1.337 
(1.244) 
0.270 
(0.291) 
0.905 
(1.295) 
1.275 
(0.856) 
-3.539 
(1.575) 
-0.847 
(0.666) 
F 4.41 1.00 0.49 2.76 0.44 0.06 
p 0.040 0.321 0.486 0.103 0.509 0.801 
% 5.5 0.3 4.3 4.4 -14.3 -2.3 
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and cortisol AUC, but this did not persist when demographic factors were included in 
the analyses. After controlling for demographic factors, a rise in morning IL-6 was 
found to further relate to increased cortisol AUC, independent of condition. Less 
pronounced relationships were also demonstrated between TNF-α, IL-10, IL-4 and 
cortisol. 
 
When the firefighters were sleep restricted, the detected relationship between IL-6 and 
cortisol may be reflective of how elevated IL-6 stimulates increased corticotropin-
releasing hormone secretion as well as arginine vasopressin and other corticotropin 
secretagogues (Chrousos, 1995, Petrovsky, 2001), which lead to the more pronounced 
increase in evening cortisol. However, an 8-h sleep opportunity between shifts alters 
this relationship so that a rise in IL-6 no longer relates to increased evening cortisol. It 
is possible the interactions revealed here between IL-6 and cortisol may explain how 
restricted sleep and physical work in our previous study resulted in an elevated cortisol 
profile in the afternoon and evening when compared to physical work and an 8-h sleep 
(Wolkow et al., 2014b). Elevated evening (and afternoon) cortisol has been linked to 
insulin-resistance and impaired memory (Spiegel et al., 1999, Dallman et al., 1993, 
McEwen, 1998). The current study therefore suggests that despite a rise in morning 
IL-6, an 8-h sleep opportunity between firefighting shifts mitigates subsequent 
increases in evening cortisol, offering a protective buffer against adverse health 
effects. 
 
A positive relationship between IL-6 and evening cortisol in the sleep restricted 
condition and cortisol AUC independent of condition, appears in contrast to the anti-
inflammatory effects of this hormone (Chrousos, 1995). However, this finding is 
consistent with research suggesting that IL-6 is more resistant to the effects of cortisol 
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under physical stress (i.e., exercise test to 100% VO2max; DeRijk et al., 1997). In 
contrast, no relationships were found between IL-6 and cortisol among healthy males 
following acute resistance training (Pledge et al., 2011). Meanwhile, to our knowledge, 
this is the first study to have investigated how sleep influences cytokine and cortisol 
relationships. The limited and equivocal findings highlight the need for further 
research conducted among larger samples of healthy adults that examines the 
relationship between cytokine and cortisol responses to physical work and sleep 
restriction. Findings in older adults and clinical populations indicate that disturbances 
to the normal actions of cortisol and cytokines result in elevated IL-6 and evening 
cortisol and cortisol AUC (Nijm and Jonasson, 2009, Nijm et al., 2007, Lutgendorf et 
al., 2008), similar to that demonstrated among the current group of firefighters. 
 
Excessive long-term exposure to cortisol may down regulate hormonal receptors and 
thereby impair the immune systems response to cortisol’s anti-inflammatory actions 
(Desantis et al., 2012, Miller et al., 2002, Chrousos, 1995, Elenkov and Chrousos, 
1999). Accordingly, repeated firefighting deployments across a fire season which 
expose personnel to sleep restriction and physical work could prolong the observed 
alterations in IL-6 and evening cortisol, resulting in negative physical (e.g., CVD; 
Nijm et al., 2007) and mental health outcomes (e.g., depression; Lutgendorf et al., 
2008, Haddad et al., 2002). Therefore, acute immune-endocrine relationships observed 
in the current study could be an early indicator of chronic, firefighter-relevant health 
outcomes associated with dysregulation to these systems. For instance, high levels of 
depression have been reported among firefighters (Carey et al., 2011, An et al., 2015, 
Cook and Mitchell, 2013), while fire suppression activities were associated with an 
increased risk of death from coronary heart disease (Kales et al., 2007).  
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Short-term elevations in HPA-axis and immune activity have also been related to acute 
changes in mood (Vgontzas et al., 2008, Kemeny, 2007). Mood has been shown to 
impact factors important to occupational settings such as worker helpfulness (Carlson 
et al., 1988), job satisfaction (Fisher, 2000) and the probability of making an error 
(Appel et al., 1980). For example, Christoforou et al. (2013) found that compared to 
firefighters who had an 8-h sleep, those who had a 4-h sleep opportunity demonstrated 
reduced attention over the multiday firefighting simulation. Therefore, it is important 
to determine how, in response to sleep restriction and physical work, acute changes in 
mood may relate to disturbances between cytokine and cortisol interactions in the 
short-term. However, based on the bi-directional relationship between cytokines and 
cortisol (Petrovsky, 2001, Turnbull and Rivier, 1999), further research including 
experimental alterations to cortisol or cytokine levels is also needed to understand the 
causal direction of the observed relationships. 
 
The positive association between morning IL-6 and cortisol AUC (5.5% increase) 
independent of sleep, is consistent with DeSantis and colleagues (2012) who reported 
a similar increase (6.5%) in AUC with elevated levels of IL-6 among healthy adults 
examined under naturalistic settings. Adjustment for levels of other cytokines and 
demographic factors preserved the positive association between IL-6 and cortisol AUC 
for firefighters. Similar increases in cortisol AUC have been associated with elevated 
levels of daily negative affect (i.e., 11%; Piazza et al., 2013), but it is currently unclear 
how magnitude changes in AUC relate to other health outcomes (e.g., atherosclerosis, 
metabolic syndrome). The detected rise in firefighters’ cortisol AUC after controlling 
for covariates was greater than that reported (7.4% in AUC) by DeSantis et al. (2012) 
who controlled for TNF-α and IL-10. However, compared to the naturalistic setting 
investigated by DeSantis (2012), it is possible the simulated firefighting stressors in 
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the current study contributed to the larger rise in cortisol AUC. In particular, the 4-h 
sleep restriction period did not appear to influence the association between morning 
IL-6 and cortisol AUC, which may highlight that exposure to the physical work 
demands was the major stressor impacting this relationship. Furthermore, DeSantis 
and colleagues (2012) controlled for additional confounders (e.g., race/ethnicity, 
income/wealth, cynical distrust and smoking) that were not measured among the 
current population of firefighters. Failure to record and control for these behavioural 
and sociodemographic factors reported to influence the HPA-axis (Ranjit et al., 2009, 
Hajat et al., 2010) is a limitation of the current study that could also explain the greater 
rise in firefighters’ cortisol AUC.  
 
Altered hydration levels lead to variations in plasma volume, which can further 
contribute to changes in cytokines and cortisol (Hill et al., 2008, Steptoe et al., 2007). 
Unfortunately plasma volume was not measured among firefighters and therefore 
unaccounted for in the current study. Despite this limitation, there were no differences 
in daily fluid consumption between conditions and fluid intake was similar to levels 
demonstrated among firefighters completing multiple days of physical work in the 
heat, reported to be hydrated as determined using urine specific gravity (Larsen et al., 
2015). Moreover, daily water intake exceed recommended levels for adult males 
performing exercise in mild conditions (Kenefick and Sawka, 2007, Gunga et al., 
1993). It is therefore unlikely that perturbations in hydration in the current study 
impacted cytokine and/or cortisol levels. Further understanding the relationships 
between these physiological responses among firefighters or other occupational groups 
exposed to physical work and sleep restriction requires additional hydration measures 
(i.e., plasma volume) and larger samples with sufficient power to examine a range of 
sleep durations and other potential sociodemographic and behavioural factors. 
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In the present study, relationships between TNF-α, IL-10, IL-4 and cortisol were less 
pronounced than for IL-6 and no longer significant after adjusting for demographic 
factors and/or other cytokines. Despite this, these findings are the first to show how 
occupational stressors influence the relationship between TNF-α, IL-10, IL-4 and 
cortisol, and therefore, should still be considered, but with caution. For instance, higher 
morning levels of TNF-α were related to an increase in cortisol AUC independent of 
the sleep opportunity across the simulation. While cortisol has been found to interact 
with TNF-α, findings are mixed with reports indicating that exogenous cortisol can 
potentiate TNF-α levels in rats (Frank et al., 2010) or suppress TNF-α among humans 
(DeRijk et al., 1997). Stressor-induced cortisol levels, attained through maximal 
exercise (i.e., 100% VO2max), can also suppress TNF-α production (DeRijk et al., 
1997). Furthermore, across the simulation an increase in morning IL-10 was related to 
a decrease in cortisol AUC independent of the sleep opportunity. Higher daily levels 
of IL-10 were also related to an increase in cortisol AUC on day 2 of the simulation, 
while smaller negative and positive relationships were demonstrated for this parameter 
on day 1 and day 3 respectively. Between day differences provide further evidence for 
the role IL-10 plays in up- and down-regulating the cortisol response to acute stressors 
(Smith et al., 1999, Elenkov and Chrousos, 1999). Furthermore, the observed 
associations between, IL-10, TNF-α and cortisol were independent of the sleep 
opportunity, highlighting that exposure to the physical work demands was the major 
stressor influencing these relationships in the current study. Consistent with our results 
that higher IL-4 is related to increased and decreased evening cortisol in the CON and 
SR conditions respectively, evidence indicates that IL-4 affects cortisol release 
(Woods and Judd, 2008) by inducing the expression of enzymes involved in regulating 
this hormone (Thieringer et al., 2001). However, because the relationship between 
firefighters’ IL-4, TNF-α and IL-10 and cortisol AUC did not persist after adjusting 
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for demographic factors and/or other cytokines, further research should include larger 
samples with the statistical power to include covariates such as race/ethnicity and 
smoking (Desantis et al., 2012) in to the analyses. 
 
While further relationships may exist between IL-8 and IL-1β, and cortisol (DeRijk et 
al., 1997, Corsini et al., 2014), research involving IL-8 and IL-1β, and to an extent IL-
4, has been centred on acute immune responses to more intense experimental stressors 
such as maximal exercise and large doses of exogenous cortisol and cytokines (Corsini 
et al., 2014, DeRijk et al., 1997, Thieringer et al., 2001)., Moreover, research 
investigating relationships between IL-8, IL-1β and cortisol has, to date, been 
conducted in animal models or in vitro experiments. Therefore, in response to the 
moderate stressors studied, immune-endocrine interactions between these cytokines 
(i.e., IL-8, IL-1β and IL-4) and cortisol are unlikely. 
 
The current study matched firefighters in the CON and SR conditions for age, BMI 
and gender. However, because a crossover design was not utilised, there is a possibility 
that intra-group differences may explain the divergent relationships found for IL-6 and 
cortisol between conditions. For example, firefighters in the SR condition may have 
had less experience performing the type of physical work tested when compared to the 
CON condition, thus resulting in the positive immune-endocrine relationship observed 
for the sleep restricted firefighters. However, employing mixed models for the 
analyses, factor in unique responses of participants to an intervention (Van Dongen et 
al. 2004), and therefore, should account for the effects of individual subject variability.  
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By closely replicating many aspects of a fire-ground deployment, the simulated 
environment further permitted the quantification of physiological stress responses 
during periods of controlled physical work and sleep restriction. For instance, the 
physical work tasks chosen simulate preparatory or post-fire clean-up work that 
comprises a large component of firefighting (Rodríguez-Marroyo et al. 2012), but is 
performed in cooler conditions (Raines et al., 2012, Budd et al., 1997). For instance, 
consecutive days of wildfire suppression work in temperatures ranging between 15.8 
to 26.4°C have been reported during large campaign wildfires in parts of south eastern 
Australia (Raines et al., 2012). Moreover, the sleep durations, bedding and beds in the 
current study mimic observed fire-ground conditions (Cater et al., 2007, Ferguson et 
al., 2011). Ensuring this high level of ecological validity for certain phases of a wildfire 
deployment make the detected findings applicable to the physical work (i.e., blacking 
out, carrying and dragging hoses and rake hoe work) and sleep involved during 
wildland firefighting in mild temperatures. However, the artificial setting limits the 
extrapolation of findings to other fire-ground demands which were not replicated, such 
as exposure to high ambient and radiant heat and smoke (or its constituent elements; 
Aisbett et al., 2012). External heat sources while performing physical work may 
influence inflammatory markers and cortisol (Hailes et al., 2011, Lieberman et al., 
2005, Walsh and Whitham, 2006). Wood smoke exposure has also been associated 
with increases IL-6, IL-8 (Swiston et al., 2008) and decreases in IL-10 and cortisol 
(Al-Malki et al., 2008, Burgess et al., 2002). Therefore, investigating possible 
relationships between cytokine and cortisol levels among sleep restricted firefighters 
performing live physical work in a hot and smoky environment represents a logical 
next step for firefighting-based research in this area.  
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Conclusion 
When firefighters had restricted sleep while performing physical work, an increase in 
morning IL-6 levels were positively related to a rise in evening cortisol. Conversely, a 
rise in IL-6 was associated with a decline in evening cortisol when firefighters had an 
8-h sleep between shifts. Given how elevated evening cortisol can have adverse 
consequences to health (Dallman et al., 1993, McEwen, 1998, Spiegel et al., 1999), a 
rise in IL-6 in the morning, but decreased evening cortisol may reflect normal ‘non-
damaging’ immune-endocrine function. Therefore, relationships described here 
highlight to fire agencies the important role an 8-h sleep opportunity between shifts 
has in preventing elevated evening cortisol. In addition, evidence of altered immune-
endocrine function among sleep restricted firefighters and those receiving a normal 
sleep while performing physical work supports additional investigation into the short- 
(e.g., changes in mood; Vgontzas et al., 2008, Kemeny, 2007) and long-term (e.g., 
coronary artery disease and depression; Nijm and Jonasson, 2009, Nijm et al., 2007, 
Lutgendorf et al., 2008, Karlovic et al., 2012) health effects associated with imbalances 
between these systems. Using larger sample sizes, further research should also 
determine the direction of relationships between cytokines and cortisol and the 
potential impact other factors (e.g., sociodemographic and behavioural) have on these 
systems. 
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Abstract 
This study examined how changes in wildland firefighters’ mood relate to cytokine 
and cortisol levels in response to simulated physical firefighting work and sleep 
restriction. Firefighters completed 3 days of simulated wildfire suppression work 
separated by an 8-h (Control condition; n=18) or 4-h sleep opportunity (Sleep 
restriction condition; n=17) each night. Firefighters’ mood was assessed daily using 
the Mood Scale II and Samn-Perelli fatigue scale. Participants also provided samples 
for the determination of salivary cortisol and pro- (IL-6, IL-8, IL-1β, TNF-α) and anti-
inflammatory (IL-4, IL-10) cytokine levels. An increase in positive mood dimension 
Happiness was related to a rise in IL-8 and TNF-α in the sleep restriction condition. A 
rise in the positive mood dimension Activation among sleep restricted firefighters was 
also related to higher IL-6 levels. An increase in the negative mood dimension Fatigue 
in the sleep restriction condition was associated with increased IL-6, TNF-α, IL-10 and 
cortisol levels. In addition, an increase in Fear among sleep restricted firefighters was 
associated with a rise in TNF-α. Elevated positive mood and immune activation may 
reflect an appropriate response by the firefighters to these stressors. To further 
understand this relationship, subsequent firefighting-based research is needed that 
investigate whether immune changes are a function of affective arousal linked to the 
expression of positive moods. Positive associations between negative mood and 
inflammatory and cortisol levels to physical work and restricted sleep could be used 
to underpin workplace monitoring where subjective mood indicates physiological 
changes on the fire-ground.  
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Introduction 
Exposure to a stressor, either physical or psychological, triggers the immune system 
to produce cytokines (Maier and Watkins 1998), which in turn, activate the 
hypothalamic-pituitary-adrenal (HPA)-axis causing the release of cortisol (Lundberg 
1999). Changes in the immune and endocrine system relate to affective states such as 
mood and emotion (Mittwoch-Jaffe et al. 1995; Kemeny 2007), indicating that 
activation of these physiological systems in response to a stressor and the subsequent 
release of their end products cortisol and cytokines form a bi-directional 
communication network with the brain (Maier 2003; Maier and Watkins 1998). 
Evidence indicates that certain emotions are associated with distinct patterns of 
activation in the central (Canli et al. 2001; Damasio et al. 2000) and autonomic nervous 
systems (Ekman et al. 1983; Herrald and Tomaka 2002). Given that activation of these 
neural systems can impact differently on immune and endocrine responses, it has been 
proposed that cortisol and cytokines respond in different patterns depending on the 
affective state (Kemeny 2007). Moods are affective states that can be categorized as 
positive or negative. While fewer studies have demonstrated relationships between 
positive mood on physiological changes (Marsland et al. 2007; Barak 2006), the 
literature linking negative mood to indicators of immune, and to a lesser extent 
endocrine function, is more substantial (Kemeny 2007; Vgontzas et al. 2008; von 
Känel et al. 2008; Wright et al. 2005; McEwen 2005). If cytokines and cortisol are 
moderated by mood than any true assessment of the stress response needs to examine 
how positive and negative mood may relate to changes in cytokines and cortisol. 
 
The stress-induced changes in psychological responses may coordinate physiological 
processes that form important adaptations necessary for maintaining homeostasis 
(Maier and Watkins 1998; Dhabhar and McEwen 2006). However, prolonged or 
Chapter 6  Study 4 
 
200 
 
severe stressors may result in inappropriate responses, including increased negative 
moods, maladaptation of the inflammatory responses and a dysregulated cortisol 
release, which over time, have been implicated in cardiovascular disease, insulin 
resistance and depression (Heinz et al. 2003; Zunszain et al. 2011; Lundberg 1999; 
McEwen and Seeman 1999; Pradhan et al. 2001; Ridker et al. 2000; Vgontzas et al. 
2000). Relationships between psychological and physiological responses support a 
psychophysiological approach to understanding the impact of acute stress on the body 
in certain occupations. 
 
Two common stressors for firefighters performing wildfire suppression are physical 
work and sleep restriction (Aisbett et al. 2012; Cater et al. 2007; Phillips et al. 2007). 
For instance, firefighters often work consecutive long shifts (i.e., 12 to 16-h) involving 
high-intensity, intermittent physical work (Aisbett et al. 2007) separated by shortened 
sleep opportunities (i.e., 3 to 6 h; Cater et al. 2007). Research demonstrates that 
consecutive days of physical firefighting work combined with a 4-h sleep opportunity 
each night results in increased cortisol (Reported in Chapter 4; Wolkow et al. 2014b). 
Elevated IL-6 and IL-8 cytokine levels have also been found following multiple days 
of physical work, but restricted sleep between days did not exacerbate cytokine levels 
(Repoted in Chapter 3; Wolkow et al. 2014a). To the authors’ knowledge however, no 
firefighting-based research has examined if mood responses to the combination of 
physical work and sleep restriction influence the cortisol and cytokine levels 
previously demonstrated. 
 
Exercise- and sleep-based studies investigating periods of sleep loss and physical 
work, similar to those experienced during wildland firefighting (Aisbett et al. 2012), 
have demonstrated acute psychophysiological relationships (Jürimäe et al. 2002; 
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Robson-Ansley et al. 2009; Wolkow et al. 2015). For instance, increases in cortisol 
and IL-6 receptor levels following 6-days of rowing (i.e., total of 21.5 ± 2.2-h of 
exercise; Jürimäe et al. 2002) and cycling training (i.e., 160 ± 43 to 391 ± 30 mins of 
exercise per day; Robson-Ansley et al. 2009) were respectively, strongly and 
moderately related to increased subjective fatigue levels. Elevated IL-6 has also been 
strongly associated with increased subjective pain ratings following 12 nights of 
restricted sleep (4 h; Haack et al. 2007). However, research is limited and inconsistent, 
with investigations reporting no association between negative mood and hormonal 
changes to physical work (Filaire et al. 2004) or sleep loss (Bouhuys et al. 1990). 
Meanwhile, following a 15-km run at high intensity (completed in 1.5 h), positive 
affect correlated strongly with increases in corticotropin-releasing hormone (CRH), 
which is a neuropeptide in the HPA-axis (Harte et al. 1995). Dysregulation of the HPA-
axis, such as changes in CRH release, have been related to altered immune function 
(Pressman and Cohen 2005; Haddad et al. 2002). Positive mood provoked hormonal 
and inflammatory responses can represent a potential disease risk if severe, prolonged 
or result in disruption to the diurnal rhythm of responses (Pressman and Cohen 2005; 
Marsland et al. 2007). 
 
Despite varying protocols, restricted sleep (Haack et al. 2007) and physical work 
(Jürimäe et al. 2002; Robson-Ansley et al. 2009) have been reported to affect mood, 
cytokine and HPA-axis responses. Though the relationship is likely to be bi-
directional, attention has focused on how both positive and negative mood may 
modulate these parameters of the immune and endocrine system (Kemeny 2007; 
Marsland et al. 2007). While it has been established that physical work and sleep loss 
can effect firefighters’ cytokine (see Chapter 3: Study 1 for details) and cortisol levels 
(see Chapter 4: Study 2 for details), it is yet to be determined what impact these 
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demands have on acute psychophysiological responses. Therefore, we aimed to 
determine what moderating effect (if any) changes in wildland firefighters’ mood are 
having on firefighters’ cytokine and cortisol levels in response to simulated physical 
firefighting work and sleep restriction. We hypothesised that when sleep restricted, 
firefighters will display alterations in mood that moderate an elevation in cytokines 
and cortisol. Investigating this potential psychophysiological relationship in the 
context of firefighting presents new information for psychoneuroimmunology 
research, while providing the first steps in understanding how changes in mood on the 
fire-ground influence physiological responses. Potential insights may have 
significance for monitoring firefighters’ health. 
 
Materials and Methods 
Prior work from this sample has examined cytokine (Reported in Chapter 3; Wolkow 
et al. 2014a) and cortisol (Reported in Chapter 4; Wolkow et al. 2014b) responses 
separately and the relationship between these markers (Reported in Chapter 5). This 
study focuses on the relationship between the observed cortisol and cytokine activity 
with subjective mood responses from this same sample of firefighters. 
 
Participants 
Volunteer and salaried firefighters (n = 35) from Australian state and territory fire 
agencies (Victoria, South Australia, New South Wales, Australian Capital Territory 
and Tasmania) were recruited for this study using flyers and presentations to fire 
agencies. Interested firefighters contacted researchers directly and provided written 
informed consent. Participants were then screened to exclude anyone with diagnosed 
heart disease, diabetes, respiratory and/or sleep disorders. Although health outcome 
data was obtained from participants, this information was only used for study 
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exclusion purposes, and therefore will not be described in any further detail in the 
current study. For purposes of analysis, participants were matched for age, sex and 
body mass index (BMI) and randomly assigned to either a control (CON) or sleep 
restriction (SR) condition based on the participant’s availability to attend the testing 
session, allocated at random, to the condition. Use of this randomization method took 
into account differences in firefighters’ availability to volunteer their time for the 
study, ensuring an equal chance for each participant of being allocated to either 
condition. There were no differences between conditions in BMI, age or firefighting 
experience (Table 6.1). Firefighters participating in this study were not compensated 
financially for their time. This study was approved by the institutions’ Human 
Research Ethics Committee and all procedures were performed in accordance with the 
1964 Helsinki declaration and its latter amendments. 
 
Table 6.1 Demographic characteristics of participants in each condition (mean ± 
standard deviation) 
Characteristic CON (n = 18) SR (n = 17) 
Age (years) 39 ± 16 39 ± 15 
Male:Female (n) 15:3 15:2 
Body mass (kg) 85.1 ± 17.7 93.8 ± 20.2 
Height (cm) 178.1 ± 7.7 177.8 ± 7.4 
BMI (kg/m2) 26.8 ± 5.0 29.6 ± 5.5 
Firefighting experience (years) 8.7 ± 9.3 10.2 ± 6.4 
 Note: BMI = Body Mass Index  
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Protocol 
Participants arrived at the testing venue and informed of what condition they were in. 
Both conditions then completed a familiarization session of the physiological 
measures, psychological questionnaires and physical work tasks. This was followed 
by an 8-h sleep adaptation night in the testing environment. Participants in both 
conditions were then tested over a 3-day and 2-night simulated fire-ground tour that 
mimicked the typical length of a fire-ground deployment. On each of the 2 nights, 
participants in the CON condition had an 8-h sleep opportunity (i.e., 22:00-06:00), 
while participants in the SR condition had a restricted 4-h sleep opportunity (i.e., 
02:00-06:00). The sleep restriction duration and timing was based on observational 
studies of Australian wildland firefighting (Cater et al. 2007). After the testing period, 
all participants had an 8-h recovery sleep (in which no measures were taken) to ensure 
participants’ were rested prior to leaving the venue. The testing environment was 
maintained in moderate temperatures (18-20oC) throughout the simulation. 
 
Experimental Procedures 
Participants in both conditions were tested in groups of 3 to 5 over the firefighting 
simulation. Participants completed a 2-h testing block 3 times on day 1 and 5 times on 
day 2 and day 3 (Figure 6.1). Each testing block consisted of a 55-min simulated 
physical firefighting work circuit, followed by 20-25 min of physiological data 
collection, 20-25 min of cognitive testing and 15-20 min rest period. The physical 
work and non-work periods described here match work-to-rest activity patterns on the 
fire-ground (Aisbett et al. 2007; Phillips et al. 2011; Raines et al. 2013). Participants' 
physiological (i.e., cytokine and cortisol) and psychological (i.e., mood 
questionnaires) measures were recorded at pre-determined time points throughout the 
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wake periods (Figure 6.1). Cognitive and other physiological measures were part of a 
larger study and therefore, will not be described. 
 
Simulated Physical Firefighting Work Circuit: The physical work circuit was 
developed using a job task analysis of wildfire suppression work (Phillips et al. 2012). 
The circuit was verified by industry experts and incumbent firefighters as being 
representative of fitness components, actions and movements frequently performed on 
the fire-ground by each of Australia’s state and territory fire agencies (Ferguson et al. 
2011). This increased the generalisability of potential findings to firefighters across 
Australia. The 6 physical tasks included; team rake, charged hose advance, black out 
hose work, hose rolling, lateral repositioning and static hold of a hose. The tasks were 
chosen because they were the most physically demanding (Phillips et al. 2012), had 
the highest operational importance and were the longest, most intense, or most 
frequently occurring tasks during wildfire suppression work (Phillips et al. 2015). 
Performance of each physical task was self-paced (i.e., repetitions completed within 
each work period) and completed in a pre-devised circuit consisting of work-to-rest 
ratios designed in accordance with the performance of the tasks on the fire-ground 
(Ferguson et al. 2011; Vincent et al. 2015). 
 
Sleep: All participants wore activity monitors (Actical MiniMitter/Respironics, USA) 
to measure sleep across the 2 nights prior to the study. Sleep was recorded on the 
adaptation night and testing nights using portable polysomnographic (PSG) equipment 
(Siesta, Compumedics E-Series, Australia). Each night, PSG wire up and recording 
began at 21:00 for both conditions. From each sleep recording, participants' total sleep 
time (minutes) was calculated. Sleep duration in the 2 nights prior to testing did not 
differ to the adaptation night or between conditions (p > 0.05; data not presented). 
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Average total sleep time for both conditions was similar on the adaptation night (CON 
6.3 ± 0.9 h; SR 6.4 ± 0.7 h; p > 0.05), while on the 2 experimental nights, sleep time 
was as expected given the sleep opportunity in each condition (CON 6.9 ± 0.4 h; SR 
3.6 ± 0.3 h; p < 0.001). Participants completed the adaptation night to ensure their 
sleep and possible stress responses during the study were not influenced by a lack of 
familiarity with the PSG equipment. 
 
Physiological Stress Responses 
Cortisol: Saliva samples were collected using Salivette tubes (Sarstedt, Nümbrecht, 
Germany) each day in both conditions at baseline (i.e., 06:30) and across the day (i.e., 
07:30, 09:00, 11:30, 13:30, 15:30, 17:30, 19:30, 21:30; Figure 6.1). To prevent 
contamination, participants were not allowed to eat or drink 15 minutes prior to saliva 
collection. Samples were centrifuged for 10 minutes at 5000 revolution/minutes (83 
hertz) and stored at ≤ -80°C until analysis. Salivary cortisol concentration was 
determined using a high sensitivity enzyme immunoassay ELISA kit (IBL 
International, Hamburg, Germany). The assay was performed according to the 
manufacturer's directions and read at 450 nm on a luminescence microplate reader 
(Synergy™ 2 SL, BioTek, Winooski, VT). Analytical sensitivity (lower limit of 
detection) was 0.14 nmol/L and acceptable intra- and inter-assay coefficients of 
variation, 7.2% and 10.7% (both mean 13.8 nmol/L), respectively were determined. 
 
Cytokines: Capillary blood plasma samples for the determination of pro- (IL-6, IL-8, 
IL-1β and TNF-α) and anti-inflammatory (IL-4 and IL-10) cytokine levels were 
collected from participants each day when fasted at 06:15, then at 11:30, 18:15 and 
21:30 (Figure 6.1). In order to prevent acute postprandial changes in cytokine levels, 
samples collected at 11:30 and 18:15 were completed prior to lunch and dinner 
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respectively. A 500-μL sample of whole blood was taken from each participant at each 
time point from the fingertip in to microtainer coated with K2 EDTA (Becton 
Dickinson ref: 365974). Samples were centrifuged for 10 minutes at 5000 
revolutions/minute (83 hertz) and the plasma was separated and stored at ≤ -80°C until 
analysis. The Milliplex Human MAP Cytokine immunoassay kit (Millipore, Billerica, 
MD) was used to profile the expression of inflammatory markers in participants’ 
plasma samples. The assay kits provide a mixture of microbead populations with 
distinct fluorescent intensities that are pre-coated with capture antibodies specific for 
each cytokine. The assay was performed using the Bioplex 200 array reader (V.5.0, 
Bio-Rad Laboratories, Hercules, CA). The minimal detectable concentrations were 
0.06 pg/mL, 0.42 pg/mL, 0.20 pg/mL, 0.05 pg/mL, 0.48 pg/mL and 0.07 pg/mL for 
IL-1β, IL-4, IL-6, IL-8, IL-10 and TNF-α, respectively. Intra- and inter-assay 
coefficients of variation (CV) were in acceptable ranges (Intra-assay 4.5 – 10.0%; 
Inter-assay 9.8 – 20.5%) for all analytes (CV <25%; Findlay et al. 2000; Chowdhury 
et al. 2009) and comparable to CVs reported for cytokines sampled using venous blood 
in previous exercise-based literature (Abedelmalek et al. 2013; Cullen et al. 2015; 
Faulkner et al. 2014). 
 
Psychological Stress Responses 
Mood Scale II: Participants' mood was measured using the Mood Scale II which is part 
of the Walter Reed Performance Assessment Battery (Thorne et al. 1985). The Mood 
Scale II was designed to assess variations in mood states over time, especially in field-
research and during sleep restriction (Paterson et al. 2010; Thorne et al. 1985). The 
questionnaire is comprised of 36 mood-related adjectives, to which participants were 
asked to respond on a 3-point Likert scale (1 = not at all, 2 = somewhat/sometimes, 3 
= mostly/generally) to indicate their current experience of each item at the specified 
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time point. Items from this scale load to 6 mood states, which include positive mood 
dimensions; Activation, Happiness, and negative mood dimensions; Depression, 
Anger, Fear and Fatigue. Mean scores for each mood dimension were calculated for 
inclusion in the analyses by determining the average score from the adjectives that 
correspond to the dimension, giving a possible average score between 1 and 3 for each 
dimension. The Mood Scale II was developed and validated against a range of 
performance criteria in Navy recruits where it demonstrated moderate to high validities 
in a number of situations and moderately high inter-item reliability (Ryman et al. 
1974). Furthermore, the Mood Scale II is similar to the Short Form Profile of Mood 
States which has demonstrated good validity when used in its abbreviated and 
complete forms in sleep research (Carpenter et al. 2004; Friedmann et al. 1977). 
Participants completed the Mood Scale II each day at 06:15, 11:30, 18:30-19:30 and 
at 21:30 (Figure 6.1). 
 
Samn-Perelli Fatigue Scale: Participants’ subjective ratings of fatigue were recorded 
using the Samn-Perelli Fatigue Scale which is a 7-point Likert scale (1 = fully alert, 
wide awake; 2 = very lively, responsive but not at peak; 3 = ok, somewhat fresh; 4 = 
a little tired, less than fresh; 5 = moderately tired, let down; 6 = extremely tired, very 
difficult to concentrate; 7 = completely exhausted, unable to function effectively) that 
was developed for and validated in occupational settings such as aviation operations 
where it has shown to be reliable and sensitive to the effects of sleep loss at different 
times of the day (Samn and Perelli 1982; International Civil Aviation Organization 
2011; Powell et al. 2007). Participants’ completed the scale each day at 09:30, 10:45-
11:15, 14:00, 16:00 and 18:00 (Figure 6.1) where they were asked to respond 
according to how they felt on the scale at that moment. For the analyses, the Samn-
Perelli Fatigue Scale Daily Profile was determined for each participant from their score 
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on the scale at the 5 daily time points. In addition, the Samn-Perelli Fatigue Scale Daily 
Mean was determined for each participant by calculating daily averages from the 5 
time points. In both instances, possible scores were between 1 and 7. 
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Figure 6.1 Sampling protocol for inflammatory, cortisol and mood measures in the CON and SR condition 
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Statistical Analyses 
Prior to the analysis, cytokine values greater than 2 standard deviations above the mean 
were considered outliers and subsequently excluded (Nguyen et al. 2010). Values 
below the detectable range of the Milliplex Human MAP Cytokine immunoassay kit 
were replaced with the minimal detectable concentration as advised in the protocol 
(Millipore, Billerica, MD). With the exception of TNF-α (for which raw values 
achieved normality and homogeneity of variance), all cytokine and cortisol values 
were adjusted using a natural log-transformation to achieve normality or the raw data, 
assessed using the Shapiro-Wilk test (p > 0.05). Normality and homogeneity of 
variance of the residuals were further determined by visual inspection of the mixed 
model analysis (Field 2009) where the resultant diagnostic plots revealed no departures 
from these required assumptions. Due to the sampling design, a cortisol and Samn-
Perelli Fatigue scale measurement at 09:00 and 09:30 respectively, was missing for all 
participants on day 1. Consequently, the missing combinations were appended to the 
data, but missing value codes were associated with these additional records. This did 
not affect the hypothesis tests and estimates for the daily profiles, but it facilitated the 
fitting of models for auto-correlated errors. 
 
Variables measured just once on an individual, or aggregated over occasions, (e.g., 
sleep duration and demographic characteristics were analysed with the Analysis of 
Variance method using GenStat software (GenStat for Windows 16.1 Edition. VSN 
International, Hemel Hempstead, UK). The relationships between stress measures 
were analyzed using linear mixed models (LMM) fitted by the restricted maximum 
likelihood (REML; Payne et al. 2011) method in GenStat (GenStat for Windows 16.1 
Edition, VSN International, Hemel Hempstead, UK). The LMM approach was used to 
investigate if changes in Mood Scale II and Samn-Perelli Fatigue Scale responses 
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relate to cytokine and cortisol responses. To investigate these potential associations, 
cortisol and cytokine measures were modelled as a function of the Mood Scale II and 
Samn-Perelli Fatigue Scale scores. 
 
Key within-participant outcome variables included each daily cytokine profile (i.e., 4 
samples per day), morning fasting cytokine levels, the daily cortisol profile (i.e., 9 
samples per day) and the cortisol area under the curve (AUC) with respect to ground. 
Cortisol AUC was calculated for each participant on each day using the trapezoidal 
rule (Pruessner et al. 2003). Between-participant predictor variables included the 6 
Mood Scale II mood dimensions (i.e., Happiness, Fear, Fatigue, Activation, Vigour, 
and Depression). In addition, the Samn-Perelli Fatigue Scale Daily Profile (i.e., 5 
measurements per day) and Samn-Perelli Fatigue Scale Daily Mean were included as 
separate predictor variables. LMM allow for the possibility of auto-correlation in the 
repeated measurements (i.e., samples and days) on each individual by including a 
model for the covariance structure. Model fit was assessed by the Akaike Information 
Criterion (AIC) and small differences (∆AIC) in values of this criterion compared to 
the minimum observed value in a set of candidate models were used to identify 
parsimonious models (Burnham and Anderson 2002). 
 
The final ‘full’ model fitted to each daily cytokine and cortisol profile included 
potential fixed effects for condition (CON or SR), day (day 1, day 2 or day 3) and time 
of day along with potential 2- and 3-way interactions of condition by day, condition 
by time and condition by day by time, critical to the design of the study. For morning 
fasting cytokines and cortisol AUC, the final ‘full’ model included potential fixed 
effects for condition (CON or SR) and day (day 1, day 2 or day 3), along with a 
potential 2-way interaction of condition by day. To investigate possible associations 
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between cortisol and cytokine responses with the 6 Mood Scale II mood dimensions, 
the final model for each dependent variable tested 2-way interactions of condition by 
mood dimension, day by mood dimension and time by mood dimension. Possible 3-
way interactions of condition by day by mood dimension and condition by time by 
mood dimension were also investigated. To assess potential associations between the 
Samn-Perelli Fatigue Scale (mean and profile) and cortisol (profile and AUC) and 
cytokines (profile and morning fasting measures), 2-way interactions of condition and 
day with Samn-Perelli Fatigue Scale (mean and profile) were investigated. Potential 
3-way interactions of condition by day by Samn-Perelli Fatigue Scale (mean and 
profile), and condition by time by Samn-Perelli Fatigue Scale (only profile) were also 
examined. For each model, random effects of group, profile (or participant) and a 
group by profile interaction were investigated both without (i.e., Independence model) 
and with an Unstructured covariance model for the within-participant auto-correlation. 
The slopes of potential interactions are represented using (unstandardized) regression 
coefficients (b) and statistical significance was set at p < 0.05. 
 
Significant interactions between cytokines and cortisol (i.e. daily profiles, morning 
fasting measures and cortisol AUC) with Mood Scale II mood dimensions and the 
Samn-Perelli Fatigue Scale are presented as diagrams. These diagrams do not quantify 
the interactions, but rather pictorially represent information on the trend and nature of 
any significant associations identified between mood or fatigue responses and cytokine 
or cortisol levels. The y-axis represents either cortisol or cytokine levels, while the x-
axis lists the Mood Scale II scores (i.e., 1, 2 or 3) or Samn-Perelli fatigue ratings (i.e., 
1 to 7). The regression lines in each of these interaction diagrams represent the 
combined effect of the estimated main and interaction effects of either the mood 
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dimension or fatigue and a designated factor on the predicted mean of the cytokine or 
cortisol measure for an individual. 
 
Results 
Mood Scale II and daily cytokine profiles 
Several LMM were fitted to each cytokine profile, but the model with the lowest AIC 
for the majority of cytokines was the full fixed effects Independence model. After 
inspection of the ∆AIC values, this LMM had the best fit to model the relationship 
between mood dimensions and log IL-6, IL-8 and IL-1β and raw TNF-α profiles. No 
significant relationships between any of the Mood Scale II mood dimensions and log 
IL-4 and IL-10 profiles were found (p > 0.05). 
 
IL-6: Interaction effects for condition by Activation (p = 0.002), day by Fear (p = 
0.037) and time by Happiness (p = 0.050) on log IL-6 were found. The condition by 
Activation interaction indicates slightly positive (increased) log IL-6 levels if and 
when Activation increased in the CON condition (Figure 6.2a). For the SR condition, 
the association demonstrated positive (increased) log IL-6 levels when Activation 
increased, but the slope at which log IL-6 increased (b = 0.493) was greater than the 
CON condition (b = 0.115; Figure 6.2a), indicating that Activation was having a larger 
moderating effect on IL-6 in the SR condition. The day by Fear interaction for day 1 
indicated a slight increase in log IL-6 levels if and when Fear increased, independent 
of the sleep opportunity (b = 0.385; Figure 6.2b). For day 2, the association suggested 
no change in log IL-6 with different levels of Fear, while for day 3 the association 
indicated slightly negative (decreasing) log IL-6 levels if and when Fear increased, 
independent of the sleep opportunity (b = -0.993; Figure 6.2b). The time by Happiness 
interaction also predicted negative (decreasing) log IL-6 levels at 06:15, if and when 
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Happiness increased at this time point, independent of the sleep opportunity (Figure 
6.2c). Conversely, at 18:15 the interaction indicated positive (increasing) log IL-6 if 
and when Happiness increased, while at 11:30 and 21:30 there is little change in log 
IL-6 levels (Figure 6.2c), but given the interaction was of borderline significance (p = 
0.050), the results should be interpreted with caution. 
 
IL-8: Significant 2-way interaction effects for condition by Happiness (p = 0.042) and 
day by Happiness (p = 0.005) on log IL-8 were found. The condition by Happiness 
interaction indicated positive (increased) log IL-8 levels when Happiness increased in 
the CON condition (Figure 6.2d). For the SR condition, an increase in Happiness also 
predicted positive (increased) log IL-8, but the slope at which log IL-8 increased is 
steeper (b = 0.841) than that observed in the CON condition (b = 0.237; Figure 6.2d), 
indicating that Happiness had a relatively larger moderating effect on IL-8 in the SR 
condition. Furthermore, the day by Happiness interaction suggested positive 
(increased) log IL-8 levels when Happiness increased on day 1 independent of the 
sleep opportunity (Figure 6.2e). The interaction was also positive for day 2, but the 
slope for log IL-8 is flatter in comparison to day 1 (b = 0.232; Figure 6.2e). For day 3, 
the association indicated little change in log IL-8 with different levels of Happiness 
(Figure 6.2e). Thus Happiness had the largest moderating effect on IL-8 during day 1. 
 
IL-1β: While there were no differences in associations between conditions for log IL-
1β and mood, there were significant 2-way interactions for day by Activation (p = 
0.021) and day by Fatigue (p = 0.021). For each day, the interaction between day and 
Activation predicted positive (increased) log IL-1β levels when Activation increased 
(Figure 6.2f). However, compared to day 1 (b = 0.552) and day 2 (b = 0.903), the slope 
for day 3 was steepest (b = 1.803), suggesting that Activation had a larger moderating 
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effect on IL-1β during day 3 (Figure 6.2f). The day by Fatigue interaction indicated 
little change in log IL-1β with different levels of Fatigue on day 1 (Figure 6.2g). For 
day 2 and day 3 however, this interaction indicated positive (increased) log IL-1β 
levels if and when Fatigue increased (Figure 6.2g). 
 
TNF-α: For TNF-α, 2-way interactions were found involving condition by Happiness 
(p = 0.003) and day by Happiness (p = 0.040). As demonstrated in Figure 6.2h, the 
condition by Happiness interaction predicted no change in TNF-α with different levels 
of Happiness in the CON condition, while for the SR condition, the association 
suggested positive (increased) TNF-α levels if and when Happiness increased (Figure 
6.2h). The day by Happiness interaction further indicated positive (increased) TNF-α 
levels when Happiness increased on day 1 independent of the sleep opportunity (Figure 
6.2i). On day 2, an increase in Happiness predicted positive (increased) TNF-α levels 
(Figure 6.2i), while for day 3, there was no change in TNF-α with different levels of 
Happiness (Figure 6.2i). The association with Happiness was steepest for day 1 (b = 
2.688), indicating that compared to other days, Happiness had a larger moderating 
effect on TNF-α on the first day of work (Figure 6.2i).
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Figure 6.2 Interaction diagrams for Mood Scale II mood dimensions and daily cytokine profiles. (a) Condition by Activation interaction 
for log IL-6 (p = 0.002). (b) Day by Fear interaction for log IL-6 (p = 0.037). (c) Time by Happiness interaction for log IL-6 (p = 0.050). 
(d) Condition by Happiness interaction for log IL-8 (p = 0.040). (e) Day by Happiness interaction for log IL-8 (p = 0.005). (f) Day by 
Activation interaction for log IL-1β (p = 0.021). (g) Day by Fatigue interaction for log IL-1β (p = 0.021). (h) Condition by Happiness 
interaction for TNF-α (p = 0.003). (i) Day by Happiness interaction for TNF-α (p = 0.040).
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Mood Scale II and morning fasting cytokine levels 
The LMM with the lowest AIC and ∆AIC for the majority of morning fasting cytokine 
measures was the full fixed effects Independence model. However, no significant 
interactions were demonstrated for log IL-6, IL-8, IL-4, IL-10 and IL-1β (p > 0.05). 
For morning TNF-α, the Unstructured model had the lowest AIC and showed a 
significant 2-way interaction of condition by Fear (p = 0.036), which indicated positive 
(increased) TNF-α levels when Fear increased in the SR condition. Meanwhile, there 
was little change in TNF-α with different levels of Fear in the CON (Figure 6.3). 
 
Figure 6.3 Diagram of condition by Fear interaction for morning TNF-α (p = 0.036) 
 
Mood Scale II and cortisol AUC 
There were no significant relationships between any of the Mood Scale II mood 
dimensions and cortisol AUC (p > 0.05). 
 
Samn-Perelli fatigue scale daily mean and cytokine profiles 
After inspecting AIC and ∆AIC values, the Independence LMM had the best fit to 
model the relationship between log IL-6 and TNF-α profiles and Samn-Perelli Fatigue 
Scale Daily Mean. The Unstructured model had the lowest AIC and ∆AIC for the 
Samn-Perelli Fatigue Scale Daily Mean and log IL-10 profile, and therefore had the 
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best fit to model the relationship. There were no significant relationships between 
Samn-Perelli Fatigue Scale Daily Mean and log IL-1β and IL-8 profiles (p > 0.05). 
 
IL-6: A 3-way interaction of condition by time by Samn-Perelli Fatigue Scale Daily 
Mean was demonstrated for log IL-6 (p = 0.044) which indicated positive (increasing) 
levels of IL-6 if and when Fatigue increased (Figure 6.4a). In the SR condition, the 
association with Fatigue was steepest at 11:30 (b = 0.532), while in the CON the slope 
was greatest at 18:15 (b = 0.237). In comparison to the CON condition, most of the 
slopes for IL-6 were steeper in the SR condition (Figure 6.4a) suggesting that Fatigue 
had a larger moderating effect on IL-6 when sleep restricted. While there was no 
difference in the slopes for this 3-way interaction between days (because day did not 
interact with Fatigue), the position and intercepts of the plotted values depicted in 
Figure 6.4a are only relevant for this interaction on day 1. 
 
TNF-α: For TNF-α, 2-way interactions of condition by Samn-Perelli Fatigue Scale 
Daily Mean (p = 0.050) and time by Samn-Perelli Fatigue Scale Daily Mean (p = 
0.023) were found. For both conditions, the condition by Samn-Perelli Fatigue Scale 
interaction indicated that TNF-α rose if and when Fatigue increased (Figure 6.4b). For 
the SR condition however, the slope for TNF-α was steeper (b = 1.710) than the CON 
condition (b = 0.529; Figure 6.4b), suggesting that Fatigue had a larger moderating 
effect on TNF-α when sleep restricted. Across each of the daily time points, the time 
by Samn-Perelli Fatigue Scale Daily Mean interaction indicated positive (increasing) 
TNF-α levels independent of the sleep opportunity, if and when Fatigue increased 
(Figure 6.4c). Compared to the other time points (b for; 11:30 = 1.675, 18:15 = 1.092, 
21:30 = 1.547), the rise in TNF-α was steepest at the 06:15 time point (b = 1.710; 
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Figure 6.4c), suggesting that Fatigue had a slightly larger moderating effect on TNF-
α at this time. 
 
IL-10: A condition by Samn-Perelli Fatigue Scale Daily Mean (p = 0.048) interaction 
was found for log IL-10. For the CON condition, this interaction indicated negative 
(decreasing) IL-10 levels if and when Fatigue increased (Figure 6.4d). Whereas for the 
SR condition, there was a slight increase in log IL-10 with an increase in Fatigue 
(Figure 6.4d). 
Figure 6.4 Interaction diagrams for Samn-Perelli fatigue scale and daily cytokine 
profiles. (a) Condition by time by Fatigue Scale mean interaction for log IL-6 (p = 
0.044). (b) Condition by Fatigue Scale mean interaction for TNF-α (p = 0.050). (c) 
Time by Fatigue Scale mean interaction for TNF-α (p = 0.023). (d) Condition by 
Fatigue Scale mean interaction for log IL-10 (p = 0.048).  
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Samn-Perelli fatigue scale (mean and profile) and morning fasting cytokines and 
daily cortisol profile 
No significant relationships were demonstrated between the Samn-Perelli Fatigue 
Scale (mean and profile) and morning fasting cytokine measures or the daily cortisol 
profile (all p > 0.05). 
 
Samn-Perelli fatigue scale daily mean and profile and cortisol AUC 
The Independence LMM had the lowest AIC and ∆AIC, and therefore the best fit to 
model relationships between the Samn-Perelli Fatigue Scale Daily Profile and Daily 
Mean with cortisol AUC. A significant 2-way interaction of condition by Samn-Perelli 
Fatigue Scale Daily Profile was demonstrated for cortisol AUC (p = 0.006; Figure 
6.5a). For the SR condition, this interaction indicated positive (increasing) cortisol 
AUC levels if and when Fatigue increased (Figure 6.5a). Conversely, for the CON 
condition the interaction was reversed (Figure 6.5a). In addition, a 2-way interaction 
of condition by Samn-Perelli Fatigue Scale Daily Mean indicated positive (increasing) 
cortisol AUC levels for the SR condition if and when Fatigue increased (p = 0.029; 
Figure 6.5b). For the CON condition, the association indicated negative (decreasing) 
cortisol AUC if and when Fatigue increased (Figure 6.5b).  
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Figure 6.5 Interaction diagrams for Samn-Perelli Fatigue Scale. (a) Condition by 
Samn-Perelli Fatigue Scale Daily Profile interaction for cortisol AUC (p = 0.006). (b) 
Condition by Samn- Perelli Fatigue Scale Daily Mean interaction for cortisol AUC (p 
= 0.029). 
 
Discussion 
The current study examined the relationships between mood, cortisol and 
inflammatory responses among firefighters performing 3 days of simulated physical 
firefighting work separated by an 8-h or restricted 4-h sleep on each of the 2 nights. 
Increases in positive mood dimensions were related to a rise in IL-6, IL-8 and TNF-α 
in the sleep restriction condition. Meanwhile, increases in negative mood dimensions 
in the sleep restriction condition were associated with increased IL-6, TNF-α, IL-10 
and cortisol. Evidence of psychophysiological relationships in response to physical 
work and restricted sleep provide insights to fire agencies about subjective fire-ground 
indicators of physiological changes. 
 
Alterations in positive mood during periods of physical and psychological stress have 
been linked to immune changes (Kemeny 2007; Marsland et al. 2007; Mittwoch-Jaffe 
et al. 1995). Findings from the current study are consistent with this and indicate that 
the mood dimensions Activation and Happiness were associated with changes in IL-6, 
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IL-8 and TNF-α, and that these relationships were impacted differently by the sleep 
opportunity. In the SR condition, an increase in Happiness had a greater moderating 
effect on IL-8 and TNF-α, reflected by a steeper increase for these cytokines. Higher 
levels of Activation in the SR condition were also associated with increased IL-6. 
While evidence shows that positive mood is associated with an elevation in Natural 
Killer cells (Matsunaga et al. 2008) involved in the production of some cytokines 
(Takahashi et al. 2001; Berk et al. 2001), the current study is the first to observe a 
positive relationship between positive mood and pro-inflammatory cytokines. The 
brief up-regulation of innate immune function in response to acute physical work and 
sleep restriction among the firefighters tested could indicate an adaptive response to 
these stressors (Sergerstrom and Miller 2004). 
 
While literature investigating the combined impact of physical work and sleep loss on 
psychophysiological responses is sparse, sleep loss without physical activity has been 
found to increase cytokine levels (Chennaoui et al. 2011; Vgontzas et al. 2004) and in 
contrast to our findings, negatively impact positive mood (Paterson et al. 2011). 
However findings from previous research are reported in response to total sleep 
deprivation or extended periods of sleep restriction (i.e., ≥ 5 nights), rather than 
shorter, and potentially less stressful periods of restricted sleep examined in the current 
study (i.e., 4-h per night for 2 nights). The sleep protocol in the current study was 
chosen to reflect a typical campaign fire deployment (Cater et al. 2007; Ferguson et al. 
2011). Firefighters can however be deployed to fight fires that exceed 3 days (5 to 14 
day deployments; Cuddy et al. 2007; Ruby et al. 2002; Ruby et al. 2003). Longer 
deployments involving complete sleep restriction may result in opposite changes to 
positive mood (i.e., negative impact), which consequently, may moderate cytokine 
levels differently. Future research should therefore examine how extended periods of 
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sleep restriction, during firefighting, impact psychophysiological responses. 
Laboratory-based studies (Chennaoui et al. 2011; Paterson et al. 2011; Vgontzas et al. 
2004) also restricted participants from strenuous physical activity (e.g., exercise), 
which for active people can increase total mood disturbance, state anxiety, tension and 
depression (Mondin et al. 1996) and in conjunction with sleep restriction, may 
contribute to exacerbated mood and inflammatory responses. Firefighters’ enhanced 
immune activation and positive mood may therefore reflect the shorter sleep restriction 
protocol and less restriction of physical activity, indicating an appropriate response to 
these demands, rather than a potentially pathogenic psychophysiological relationship 
(Dhabhar and McEwen 2006). Moreover, short periods of sleep loss have been found 
to evoke excessive reactivity to reward-relevant stimuli the following day, resulting in 
an increased number of stimuli considered pleasant (Gujar et al. 2011). Positive mood 
has also been linked to activation of the immune system (Marsland et al. 2007). 
Therefore, we may speculate that elevation in positive mood and cytokines in the SR 
condition resulted from an affective imbalance imposed by sleep loss that triggered 
firefighters to seek and react excessively to positive reward-relevant stimuli, such as 
completing firefighting tasks. However, pleasure seeking may also lead to adverse risk 
taking behaviours (Gujar et al. 2011), which if demonstrated among firefighters on the 
fire-ground, could compromise the safety of others, highlighting the potential dangers 
of sleep loss in the field. 
 
Higher levels of Activation were associated with a larger increase in IL-1β on day 3 
when compared to day 2 and day 1 in both conditions. Conversely, Happiness was 
associated with a steep increase in IL-8 and TNF-α on day 1 in both conditions, 
followed by an attenuation in these cytokines on day 2 and day 3. Within a work day 
in the current study, higher levels of Happiness were associated with increasing TNF-
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α independent of the sleep opportunity. Other studies have found positive mood 
induction to result in increases in certain cytokines (Mittwoch-Jaffe et al. 1995), 
suggesting that positive affect may up-regulate innate immunity (Marsland et al. 
2007). However, findings are mixed with reports of no change (Ryff et al. 2004) or 
decreases in cytokines with increased positive mood (Mittwoch-Jaffe et al. 1995; 
Yoshino and Mukai 2003). Moreover, some investigations demonstrate similar 
immune changes in response to positive and negative moods (Futterman et al. 1992; 
Knapp et al. 1992; Marsland et al. 2007). This has led researchers to suggest that the 
level of affective arousal (i.e., activation or deactivation) rather than valance (i.e., 
negative or positive), associated with the positive mood is contributing to immune 
responses (Marsland et al. 2007). Therefore, the variability in cytokine levels across 
different days and time points during this study could be explained by high levels of 
arousal linked to the expression of these positive mood dimensions. As research is yet 
to determine if immune responses depend on affective states or are a function of 
arousal, subsequent studies examining how interventions that induce high- and low-
activation positive mood influence cytokine levels may shed some light on this area. 
While not taking follow-up measures is a limitation of the study, future research that 
tracks mood and cytokine interactions post-deployment may also enhance our 
understanding of the complex relationships between positive mood and immune 
function. 
 
Relationships were demonstrated between firefighters’ TNF-α, IL-6 and IL-1β levels 
and negative mood dimensions Fear and Fatigue. In the SR condition, increased Fear 
was associated with a rise in morning fasting TNF-α levels. Fear is quantified in the 
Mood Scale II using the adjectives ‘insecure’, ‘alarmed’, ‘afraid’, ‘uneasy’, ‘jittery’ 
and ‘hopeless’ (Thorne et al. 1985). Interpreted this way, an increase in Fear related to 
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higher TNF-α might reflect firefighters having to contend with the challenge of 
combined work demands (i.e., sleep restriction and physical work) in the SR condition. 
Although research supports the role of sleep and cytokine release in regulating various 
aspects of negative mood (Wright et al. 2005), the authors are unaware of research that 
has examined how sleep restriction or physical work influence the relationship 
between Fear and the immune system. Fear conditioning experiments however (i.e., 
pairing a non-threatening stimulus with a threatening stimulus until a fear response to 
both stimuli are achieved), suggest that sleep loss can negatively alter brain processes 
involved in the adaptation to Fear in different situations (Goldstein and Walker 2014). 
These impairments have been observed alongside sleep loss induced inflammation 
(Zhu et al. 2012), but research is yet to investigate this interaction in healthy humans. 
Independent of sleep restriction, increased Fear in the current study was also associated 
with a decrease in IL-6 on day 3 of the simulation. Previous research is limited, but 
some comparisons to the current results may be drawn from findings from animal 
models which have reported that IL-6 deficient mice demonstrate greater fear-related 
behaviours (Armario et al. 1998; Butterweck et al. 2003). Further research in humans 
is important in our understanding of how stressors (e.g., sleep restriction and physical 
work) may impact the relationship between alterations in Fear and the immune system, 
which could potentially influence or help identify vulnerability to stress-related 
diseases (e.g., anxiety and depression; McEwen 2006). 
 
Increased Fatigue levels measured on the Mood Scale II were associated with a steep 
increase in IL-1β on day 2 and day 3 of the simulation in both conditions. Elevated IL-
1β levels have also been reported among people experiencing severe fatigue or chronic 
fatigue syndrome (CFS; Chao et al. 1991; van Zuiden et al. 2012), yet the current study 
is the first to observe this relationship between subjective fatigue and IL-1β among 
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healthy people. Further investigation of firefighters in the current study using the 
Samn-Perelli Fatigue Scale revealed that both IL-6 and TNF-α were positively related 
to an increase in Fatigue in the SR condition. For IL-6, the SR condition demonstrated 
steep elevations of this cytokine at all-time points, the largest of which at 12:00. 
Whereas for TNF-α, a steeper rise in this marker occurred earlier in the day (06:15 and 
12:00) across both conditions. Consistent with our findings, sleep loss and physical 
activity combined have been reported to trigger increases in TNF-α and IL-6 
(Abedelmalek et al. 2013; Lundeland et al. 2012; Gundersen et al. 2006), while 
separate studies have demonstrated the detrimental effect these demands can have on 
subjective Fatigue (Lieberman et al. 2005; Lieberman et al. 2006; Scott et al. 2006; 
Wolkow et al. 2015). This is however, the first study to demonstrate a 
psychophysiological relationship between the experience of Fatigue and an increase in 
cytokines in response to the stressors physical work and sleep restriction. This link 
gives insight to early indicators of adverse inflammatory responses and has 
applications for the use of mood measures to monitor wildfire personnel, which in 
comparison to biomarkers, offer a less invasive and more practical option. Further 
establishing thresholds for mood measures that can predict health-related cortisol and 
inflammatory changes will allow fire agencies to closely monitor personnel on the fire-
ground, and if necessary, intervene before their health is impaired. 
 
Fatigue was associated with changes in anti-inflammatory IL-10 levels among 
wildland firefighters in the current study. For instance, higher Fatigue levels were 
associated with increases in IL-10 among sleep restricted firefighters, while an inverse 
relationship was demonstrated in the 8-h sleep condition. To date, clinical based 
research has reported mixed findings when examining relationships between anti-
inflammatory cytokines and fatigue. For instance, CFS patients have been reported to 
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have elevated IL-10 levels when compared to non-fatigued participants (ter Wolbeek 
et al. 2007), while similar levels of IL-10 producing cells were demonstrated among 
participants with CFS and healthy adults (Skowera et al. 2004). Although the impact 
of physical work and sleep restriction on fatigue and anti-inflammatory cytokines has 
not been previously investigated, some comparisons to the CFS literature may be 
useful (ter Wolbeek et al. 2007). In particular, the increased fatigue observed might be 
related to a shift in regulatory IL-10 cytokine production among the firefighters 
performing physical work while sleep restricted. However this explanation is 
speculative and additional research focused on healthy individuals is needed to further 
elucidate how occupational stressors may influence the relationship between 
subjective fatigue and the anti-inflammatory profile. 
 
The current study expands on the relationship demonstrated between cytokine and 
Fatigue by further demonstrating how this negative mood dimension is positively 
associated with elevated cortisol levels in the SR condition. This supports the work by 
Vgontzas and colleagues (2008) who proposed that an elevation in cytokine and 
cortisol is associated with increased fatigue within the following 24-hour cycle. The 
mechanisms that drive the simultaneous increase in fatigue, inflammation and cortisol 
among healthy individuals are still largely unknown, but research by Thomas et al. 
(2011) suggests that a possible reduction in slow wave sleep might be one pathway 
through which inflammation leads to fatigue. Although findings are mixed, sleep 
restriction similar in length to the current study has been linked to a small curtailment 
of slow wave sleep in two studies (Mavanji et al. 2013; Kopasz et al. 2010) which may 
indicate that a reduction in this sleep phase is underlying the associations in the current 
study. 
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To simultaneously assess firefighters over the 3 day simulation required participants 
to complete the deployment in small groups of 3 to 5, which is different to crew sizes 
in some parts of the world (e.g., ~ 20 firefighters in rural USA; Cuddy et al. 2007). 
Interactions between people in small groups when compared to larger groups can 
impact psychological responses differently. For instance, smaller group size and 
density may evoke greater hostility and aggressiveness (Doll and Gunderson 1971; 
Schettino and Borden 1976). Therefore, the psychophysiological relationships 
observed are most applicable to tanker-based teams that operate in groups of 3 to 5 
(Phillips et al. 2012). Additional testing that verifies if the psychological measures 
examined reflect acute physiological changes among firefighting teams of different 
sizes will ensure their ecological validity for application to larger groups on the fire-
ground. Investigating larger groups will also help determine how sex, and other 
demographic factors (e.g., age, firefighting experience, BMI) may differently impact 
firefighters’ psychophysiological stress responses to physical work and restricted 
sleep. An application of this future research may allow fire agencies to monitor 
firefighters based on certain characteristics such as sex or age. Furthermore, although 
the brevity and sensitivity of the Mood Scale II (Thorne et al. 1985) and Samn-Perelli 
Fatigue scale (International Civil Aviation Organization 2011) to mood fluctuations 
make them well suited to occupational settings, neither measure has been specifically 
validated in firefighters. Despite this limitation, previous research has investigated 
their use in occupations with similar demands to firefighting (e.g., aviation, military 
and nursing; Ryman et al. 1974; Powell et al. 2007; Paterson et al. 2010), which 
indicates these measures are likely to be sensitive to sleep loss in this population. 
However, further research should validate their use in firefighters specifically. 
Together, these next steps (i.e., validating self-report mood measures among larger 
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groups of firefighters) will help refine the ability of psychological measures to 
accurately monitor physiological responses among firefighters. 
 
Conclusion 
In response to simulated firefighting stressors, changes in mood were related to 
physiological responses. Increases in positive mood were associated with a larger 
increase in pro-inflammatory cytokines when firefighters were sleep restricted and 
performing physical work. Enhanced immune activation and positive mood may 
reflect an appropriate response by the firefighters to the stressors, yet the available 
research examining how positive mood affects physiological systems is limited, with 
no studies having investigated the role of sleep loss and physical work on this 
psychophysiological relationship. While the current study provides novel insights, 
future research should employ a more in-depth assessment of positive affect to closely 
consider the possible influence affective arousal and sleep-loss induced affective 
imbalances have on physiological responses. Subsequent studies investigating 
interventions that induce high- and low-activation positive mood on firefighters’ 
cytokine levels, as well as post-deployment tracking of psychophysiological responses 
will enhance our understanding of the complex relationships between positive mood 
and immune function. Findings further highlight how, in response to physical wildfire 
work and restricted sleep, an increase in negative mood dimensions are associated with 
larger increases in pro-inflammatory cytokines and cortisol. This relationship 
demonstrates how subjective ratings of negative mood may be used on the fire-ground 
as indicators of physiological changes. For instance, self-report measures such as the 
Mood Scale II and Samn-Perelli Fatigue scale provide a practical option for fire-
agencies to monitor firefighters’ physiological responses on the fire-ground. 
Additional research is needed that establishes health-related thresholds for these 
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measures while also exploring the role the observed relationships, if prolonged (e.g., 
in response to extended or multiple deployments), have in the development of negative 
health outcomes among personnel.  
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General Discussion 
Wildland firefighting exposes personnel to long periods of physical work with 
shortened sleep opportunities between shifts. By implementing a 3-day and 2-night 
simulated wildland firefighting deployment, this dissertation sought to investigate how 
physical firefighting work and sleep restriction affected firefighters’ acute 
inflammatory, cortisol and heart rate responses, their interactions, and how the 
firefighters’ mood may influence these responses. Specifically, firefighters had either 
an 8-h or restricted 4-h sleep opportunity each night between days of simulated 
physical firefighting work. Adopting a multivariate approach to examine stress 
responses, the current set of studies observed acute changes in several inflammatory 
cytokines (IL-6, IL-8, TNF-α, IL-1β and IL-4) and alterations to cortisol, heart rate 
and psychophysiological relationships in response to these demands. 
 
Firefighters completing physical work with restricted sleep exhibited an elevated 
diurnal release of cortisol that exceeded levels observed among firefighters who had 
an 8-h sleep, as well as the normal reference range for healthy adults. This draws 
attention to the role an 8-h sleep on the fire-ground may have in maintaining normal 
cortisol levels. Meanwhile, the 4-h sleep restriction period did not impact heart rate or 
cytokine responses in excess of any disturbance caused by physical work alone. A 
quantifiable immune-endocrine relationship between cytokines and cortisol responses 
to physical work and sleep restriction was observed. Specifically, the immune-
endocrine relationship indicated an increase in morning IL-6 that was related to a rise 
in evening cortisol among sleep restricted firefighters. Elevated IL-6 levels were 
further related to increased daily cortisol, but this relationship was not different 
between firefighters who had an 8-h or 4-h sleep. Exposure to sleep restriction while 
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performing physical firefighting work was also associated with acute increases in both 
positive and negative mood that were related to a rise in cortisol and pro- and anti-
inflammatory cytokine levels. The interactions between mood, inflammatory and 
cortisol responses highlight psychophysiological relationships and demonstrate the 
potential utility of subjective mood as an indicator of physiological stress responses 
on the fire-ground. In agreement with the concepts of the allostatic load model 
(McEwen et al. 1999), these findings reveal that exposure to firefighting stressors 
elicits acute interplay between related stress systems (i.e., immune-endocrine and 
psychophysiological relationships). The insights provided by this thesis indicate stress 
response pathways and their underlying interactions through which physical 
firefighting work, with and without restricted sleep may, over time, impact the health 
of personnel. 
 
The next section of this chapter provides a detailed summary and discussion of the 
major findings of this thesis and how they advance the state of knowledge for 
firefighting and related areas of occupational research. The discussion will then focus 
on four themes which have emerged from these studies, in which the implications of 
the findings are considered. The implications relate to firefighting and other physically 
demanding workplaces and contexts. This section will also address the limitations of 
this work as they relate to the identified themes before directions for future research 
are proposed. 
 
7.1 Thesis summary and advances to the state of knowledge 
The release of inflammatory cytokines plays an important role in coordinating the 
body's immune response to a stressor (Elenkov 2008). The aim of Study 1 was to 
investigate the effect restricted sleep has on wildland firefighters’ pro- and anti-
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inflammatory cytokine levels while performing simulated physical work. Findings 
revealed that extended periods of simulated wildfire work separated by an 8-h sleep 
each night elicited an acute IL-8 response that was greater than following the 4-h sleep. 
The levels of IL-8 in response to the 4-h sleep opportunity are comparable to previous 
research reporting no significant changes in this cytokine following 2 and 5-h sleep 
restriction periods over multiple nights (Boudjeltia et al. 2011; Faraut et al. 2011). 
Meanwhile, increases in IL-8 in response to long duration running (1 to 3 h) performed 
over 1 to 3 days with no sleep restriction have only been identified in exercise research 
(Nieman et al. 2003; Nieman et al. 2014; Pedersen et al. 2008) as opposed to 
occupational settings. These current findings therefore advance our understanding of 
the effects of multiday periods of physical work (in this case wildfire-specific work) 
on IL-8. 
 
The impact of physical activity in an occupational setting on IL-8 may have relevance 
to other jobs in which personnel perform prolonged periods of manual labour and 
achieve sleep durations greater than 4-h, such as construction workers (Powell et al. 
2010). However, reasons for the differences in the IL-8 response between conditions 
in Study 1 are difficult to explain and could be related to factors that were not 
controlled for in an effort to simulate fire-ground conditions. For instance, there were 
no restrictions on physical activity outside of the work circuits and during the rest 
breaks. The lack of restrictions on physical activity may have allowed firefighters who 
had an 8-h sleep opportunity to be more physically active during the rest periods than 
those who had a restricted 4-h sleep opportunity (Vincent et al. 2015). While it is 
unknown what caused the differences in physical activity between conditions, Vincent 
and colleagues (2015) propose that the sleep-restricted firefighters may have altered 
their activity to conserve effort throughout the rest periods, so that they could maintain 
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their performance during the work circuits. Given that long-duration physical activity 
is known to increase IL-8 (Pedersen et al. 2008), the greater physical activity recorded 
among participants who had 8-h sleep may have contributed to the elevated IL-8 levels 
observed in this condition. 
 
Study 1 findings are in agreement with applied exercise physiology research 
(Bruunsgaard 2005; Pedersen et al. 2008). The increased release of IL-6, and 
attenuation of IL-1β and TNF-α observed among firefighters in both conditions, act to 
mediate regulatory inflammatory responses to aid in maintaining homeostasis of the 
immune system during periods of physical stress. In addition to pro-inflammatory 
properties, the anti-inflammatory actions of IL-6 (Pedersen et al. 2008; Pedersen et al. 
2007; Starkie et al. 2003), along with IL-4 (Opal et al. 2000), which also increased 
among the firefighters tested, can down regulate pro-inflammatory TNF-α and IL-1β, 
resulting in a decrease in these cytokines. This inflammatory cascade exhibited in the 
current study represents an acute response distinctively different to that associated with 
severe inflammation (i.e., increases TNF-α, IL-1β and IL-6 in that order;  Bruunsgaard 
2005; Pedersen et al. 2008), indicative of a non-damaging homeostatic cytokine 
response to the simulated physical work performed by firefighters in the current study. 
By advancing our understanding of the acute interplay between cytokines that regulate 
inflammatory responses to physical work and sleep restriction, this study demonstrates 
how short-term exposure to these firefighting stressors does not represent an acute 
inflammatory risk. 
 
In response to physical and psychological stressors, cytokines can activate the 
hypothalamic-pituitary-adrenal (HPA)-axis causing the release of cortisol (Steensberg 
et al. 2003; Turnbull et al. 1999). Stressors also stimulate the sympathetic-adrenal-
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medullary (SAM) system, triggering an increase in heart rate (Chandola et al. 2010; 
Lundberg 1999). Like the immune system, HPA-axis and SAM system activation to 
stressors is expected, but severe or repeated exposure can dysregulate cortisol and 
heart rate responses (Juster et al. 2010; McEwen 2006; McEwen et al. 1999). Study 2 
aimed to assess the effect restricted sleep has on wildland firefighters’ cortisol and 
heart rate responses while performing simulated physical work. Implementation of a 
high resolution sampling protocol in this study allowed for the measurement of cortisol 
output over a specific time period (i.e., daily cortisol AUC), complemented by changes 
in cortisol at different time points (i.e., diurnal cortisol profile). Compared to military-
based studies that have examined limited sleep totalling 1 to 7-h over 5 to 7 days 
(Gundersen et al. 2006; Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981), the 
comprehensive assessment of cortisol in Study 2 provides new evidence that a 
moderate 4-h sleep-restriction period over 2 consecutive nights markedly alters 
cortisol levels above the upper limit of the adult normal reference range in the 
afternoon and evening. The controlled periods of work and sleep examined in Study 2 
are more ecologically relevant for civilian occupations (e.g., emergency rescue and 
medical personnel) who experience 5 to 6 h of sleep restriction (Geiger-Brown et al. 
2012; Jenkins et al. 2007) when compared to military demands that involve almost 
complete sleep deprivation and continuous physical work (Gundersen et al. 2006; 
Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981). Therefore, findings may have 
implications for people who experience moderate levels of sleep restriction and work 
jobs that involve extended physical demands (e.g., rescue workers and nurses; Geiger-
Brown et al. 2012; Jenkins et al. 2007). Details of the possible short- and long-term 
health consequences elevated cortisol has for personnel will be presented in the next 
section. 
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In addition to cortisol, quantifying diurnal heart rate as a measure of SAM system 
activity advances the understanding of concurrent HPA-axis and SAM system 
responses within the neuroendocrine system. The HPA-axis and SAM system 
responses have seldom been assessed simultaneously in an applied occupational 
setting. Heart rate decreased across the 3-days, but this change was not different 
between firefighters who had 8-h or 4-h sleep opportunity, revealing that the SAM 
system may adapt to the simulated demands in mild temperatures. Alternatively, 
participants may have become increasingly more economical in executing the actions 
required to complete the physical tasks (Sparrow et al. 1999). Either way, this indicates 
a non-damaging SAM system response to the simulated physical work and sleep 
restriction investigated among the firefighters tested. 
 
In an extension of studies 1 and 2, Study 3 aimed to quantify the relationship between 
firefighters’ cytokine and cortisol responses to restricted sleep while performing 
simulated physical work. This is the first occupational-based study to have investigated 
this immune-endocrine interaction between cytokines and cortisol which is central to 
the functioning of the HPA-axis and immune system (Petrovsky 2001; Turnbull et al. 
1999). Results indicated that elevated levels of IL-6 may have stimulated a more 
pronounced rise in evening cortisol among the sleep-restricted firefighters. The 
positive association between IL-6 and cortisol AUC, despite cortisol’s known anti-
inflammatory actions (Chrousos 1995) provides the first occupational-based evidence 
supporting the notion that cortisol may have immuno-modulatory effects in response 
to stressors rather than being solely immune-suppressive (Desantis et al. 2012; 
Elenkov 2008; Elenkov et al. 2002; McEwen et al. 1997). This could be represented 
by the immune system becoming resistant to the inhibitory actions of cortisol, resulting 
in sustained or upregulated inflammation (Miller et al. 2002). Acute elevations in 
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HPA-axis and IL-6 activity may be linked to alterations in mood (Vgontzas et al., 
2008, Kemeny, 2007). 
 
Changes in immune and cortisol responses discussed above may be related to both 
negative and positive mood states (Kemeny 2007; Marsland et al. 2007; Mittwoch-
Jaffe et al. 1995). Study 4 examined how changes in wildland firefighters’ mood relate 
to cytokine and cortisol levels in response to restricted sleep while performing 
simulated physical work. Although research has linked mood to immune function in 
response to various stressors in different populations (Chao et al. 1991; Kemeny 2007; 
van Zuiden et al. 2012; Vgontzas et al. 2008), Study 4 is the first to report a positive 
relationship between negative mood states and pro-inflammatory cytokines (i.e., TNF-
α, IL-6 and IL-1β) among healthy adults exposed to sleep restriction and physical work 
in an occupational setting. Evidence of a psychophysiological relationship among 
firefighters provides a basis for further research to understand how, in response to 
occupational stressors, alterations in negative mood and the immune system may 
influence or help identify vulnerability to stress-related diseases (e.g., anxiety and 
depression). 
 
Using a specific ‘fatigue’ measure (i.e., Samn-Perelli Fatigue Scale), Study 4 further 
revealed that subjective ‘fatigue’ had a greater moderating effect on IL-6 and cortisol 
in the sleep-restricted condition which resulted in a steeper rise for these markers 
compared to the 8-h sleep condition. This supports previous work (Vgontzas et al. 
2008) and highlights how exposure to sleep restriction may cause increases in 
subjective fatigue which reflects inflammatory and cortisol responses. A bi-directional 
communication network between the brain (i.e., central nervous system) and the 
immune system most likely explains the observed relationships between subjective 
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mood and cytokine responses (Kemeny 2007; Lorton et al. 2006; Maier 2003). 
Inflammatory changes also lead to HPA-axis activation, and the activity of this axis 
(i.e., cortisol release) is controlled by the brain (Maier 2003; Turnbull et al. 1999). 
Although, the specific mechanisms that drive the simultaneous increase in subjective 
fatigue, IL-6 and cortisol when exposed to sleep restriction are still largely unknown, 
some research implicates changes in sleep architecture as meditating the relationship 
between these responses (Späth-Schwalbe et al. 1998; Thomas et al. 2011). For 
instance, Thomas et al. (2011) showed that reduced slow wave sleep (SWS) mediated 
the relationship between higher evening IL-6 and fatigue among healthy adults. A low 
dose of exogenous IL-6 was also found by Späth-Schwalbe et al. (1998) to be 
positively associated with increased fatigue and reduced SWS in the first part of the 
night, in which this stage is usually more dominant. Disruption to SWS may have been 
due to the increased release of cortisol, induced by exogenous IL-6 (Späth-Schwalbe 
et al. 1998). Sleep restriction similar in length to that investigated in this dissertation 
has been linked to a small curtailment of SWS (Mavanji et al. 2013; Kopasz et al. 
2010). It is possible therefore, that a reduction in this sleep phase is underlying the 
observed relationship between fatigue, cortisol and cytokine responses among the 
firefighters’ tested. The potential fire-ground implications of these findings will be 
discussed in detail in the next section. 
 
In contrast to research examining the moderating effects of negative mood (Kemeny 
2007; Vgontzas et al. 2008), investigations into relationships between positive mood, 
and immune and HPA-axis function is limited. To date, experiencing positive mood 
has been linked to an elevation in Natural Killer cells (Matsunaga et al. 2008) involved 
in the production of some cytokines (Berk et al. 2001; Takahashi et al. 2001). Study 4 
expands on this by revealing a potential link between increased positive moods (i.e., 
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‘Happiness’ and ‘Activation’) and elevated IL-6, IL-8 and TNF-α levels during 
simulated physical work. Positive mood and immune function may have a curvilinear 
relationship, with small to medium changes in mood increasing cytokine release to 
cope with a given stressor (Barak 2006; Koh 1998; Marsland et al. 2007). However, 
intense/strong positive mood associated with changes to the arousal dimension (i.e., 
high arousal/activation and low arousal/de-activation), irrespective of valance (i.e., 
level of pleasantness to unpleasantness), may have maladaptive effects (Marsland et 
al. 2007). Therefore, elevated positive mood and immune activation among sleep 
restricted firefighters exposed to simulated physical work, may either reflect the 
body’s normal defence to these stressors, corroborating conclusions drawn from Study 
1, or indicate potentially detrimental effects. In order to understand these complex 
interactions between positive mood and cytokine response, and their potential 
implications for health, further research is required. 
 
7.2 Implications and future research directions 
7.2.1 Sleep restriction 
The detailed assessment of the cortisol response in Study 2 highlights that sleep-
restricted firefighters had significantly higher daily AUC cortisol levels and an 
elevated cortisol profile in the afternoon and evening when compared to participants 
who had an 8-h sleep opportunity. Therefore, to reduce the risk of reduced sleep 
disrupting HPA-axis function, I recommend that fire agencies should, where possible, 
ensure their personnel receive more than 4 h sleep between days of work on the fire-
ground. In addition to firm evidence supporting the importance of an 8- to 9-h sleep 
opportunity in maintaining cognitive function (Belenky et al. 2003; Van Dongen et al. 
2003), these findings further demonstrate the protective role an 8-h sleep opportunity 
between shifts of firefighting work may have on preserving cortisol levels. However, 
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additional research trialling 7-h, 6-h and 5-h sleep opportunities would help establish 
the minimum sleep required on the fire-ground to maintain normal cortisol levels. 
Greater daily cortisol output in the short-term (i.e., across the simulation) were related 
to higher levels of negative affect among firefighters in Study 4, a finding which was 
supported by Piazza et al. (2013). This affective state has been linked to reduced 
working memory (Spies et al. 1996) and task motivation (Brose et al. 2012), which for 
firefighters, could have critically adverse implications on job performance and safety. 
Further, confirming the cortisol findings on the fire-ground would inform future 
industry recommendations regarding the management of risk associated with sleep in 
the field. 
 
In contrast to cortisol, the 4-h sleep restriction period investigated was not a significant 
enough stressor to affect heart rate over and above the influence of simulated physical 
work. Consequently, heart rate decreased across the 3-days which may reflect an 
improved economy and efficiency of physical work performance (Sparrow et al. 
1999). It is also possible that attenuated heart rate stemmed from an adaptation of the 
SAM system or possibly the exhaustion of this stress response pathway to the 
demands. Furthermore, it is conceivable that in Study 2, firefighters’ SAM system was 
activated differently (i.e., down-regulated) when compared to experiencing physical 
work demands in a real world setting. But given the uncertainty, recommendations for 
industry would be strengthened by future research examining other measures of SAM 
system activity in the laboratory, and most importantly, in the field. For instance, heart 
rate variability (i.e., variation in consecutive beat to beat intervals) has been shown to 
closely reflect diurnal SAM system activity, characterised in healthy individuals by 
increases during the night and decreases during the day (Marques et al. 2010). 
Conversely, catecholamine levels offer a more direct measure of SAM system activity, 
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but several methodological difficulties exist with collecting this measure (e.g., 24-h 
urine or blood sampling and restriction of nicotine, certain drugs and foods containing 
vanilla or amines). In addition, catecholamines have distinct diurnal rhythms 
(Lundberg 2010), which means that the assessment of these markers would require 
firefighters to refrain from smoking, caffeine and certain foods while multiple daily 
blood or urine samples are collected. In comparison to plasma catecholamines which 
provide variable time-point readings and must be rapidly separated and stored frozen, 
urinary epinephrine and norepinephrine reflect mean stress response levels over longer 
periods (e.g., a day; Weinkove 1991) making them a preferred method in the field 
when assessing occupational stressors. 
 
Evidence of acute inflammatory and cortisol relationships which underlie these stress 
systems was demonstrated among firefighters in Study 3. Specifically, an 8-h sleep 
opportunity separating shifts of physical work influenced immune-endocrine 
interactions so that a rise in morning IL-6 does not relate to increased evening cortisol. 
Conversely, when firefighters had a restricted 4-h sleep opportunity between shifts, 
increased morning IL-6 levels were positively related to a rise in evening cortisol. This 
supports the above recommendation that fire agencies should, where possible, ensure 
their personnel receive more than 4-h sleep between days of work on the fire-ground 
to reduce the risk of shortened sleep disrupting interactions between the HPA-axis and 
the immune system, specifically IL-6. Findings also provide a basis from which to 
compare and forecast how future workplace interventions (e.g., trialling new shift 
schedules) that influence sleep duration alter immune-endocrine interactions. Like 
Study 3, it is important a comprehensive sampling protocol (i.e., multiple daily cortisol 
and cytokine samples) that captures potential imbalances between responses is 
implemented when investigating such interventions. However, considering the bi-
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directional relationship between cytokines and cortisol (Petrovsky 2001; Turnbull et 
al. 1999), future research that experimentally alters cortisol or cytokine levels (e.g., 
administering exogenous cortisol or cytokines) may be needed to confirm our 
understanding of the casual direction of the observed associations.  
 
The duration and timing of sleep in this series of studies was based on fire-ground 
research (Cater et al. 2007) and constrained the examined sleep restriction period to a 
late night phase (i.e., 02:00-06:00). Emergency workers, in addition to personnel from 
other occupations (e.g., air crew, rail and truck drivers) may experience restricted sleep 
at different times (Åkerstedt 1990; Åkerstedt et al. 2010). This emphasises the need to 
further determine how an early-phase sleep restriction period (e.g., bedtime 22:00-
02:00 due to the need to go to bed early prior to an early morning shift/emergency call-
out) affects firefighters’ HPA-axis and inflammatory responses. In particular, 
advanced timing of the sleep-phase may result in a larger reduction in rapid-eye-
movement sleep (Wu et al. 2010), a stage of sleep known to have a positive association 
with IL-6 and TNF-α (Pandey et al. 2011; Yehuda et al. 2009). This may explain why, 
in contrast to our findings, research investigating a 4.5-h earlier-phase sleep 
opportunity (22:30-03:00) reported a rise in IL-6 post-physical work and sleep 
restriction compared to an 8.5-h sleep opportunity (22:30-07:00; Abedelmalek et al. 
2013). In addition, it is possible that personnel may also experience a very late-phase 
sleep restriction period (e.g., bedtime 04:00-08:00, due to difficulties initiating sleep 
after a late shift/emergency call-out). However, emergency service- or sleep-based 
research is yet to investigate how this phase of sleep restriction impacts inflammatory 
or HPA-axis function, potentially an important area for further investigation.  
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Acute inflammatory and cortisol changes in response to different phases and durations 
of sleep restriction are thought to be, at least in part, the result of alterations in sleep 
architecture (Bierwolf et al. 1997; Pandey et al. 2011; Vgontzas et al. 1999; Yehuda et 
al. 2009). Furthermore, a recent review by Irwin et al. (2015) concluded that acute 
sleep disturbances (e.g., sleep quality, insomnia etc.) rather than sleep restriction, 
contribute more to increases in pro-inflammatory cytokine levels. Not analysing sleep 
quality or sleep architecture among firefighters was a limitation of this thesis. 
Therefore, it is important future research employ measures to assess sleep quality, such 
as the Pittsburgh Sleep Quality Index (Buysse et al. 1989), and sleep architecture 
through the use of PSG. Although PSG was only used to measure total sleep time in 
this thesis, our laboratory plans to use this data to further examine the mechanistic 
pathways relating to slow wave sleep and rapid-eye-movement sleep that may impact 
acute changes in HPA-axis and inflammatory responses. 
 
7.2.2 Recovery between, longer and repeated firefighting deployments 
Having established acute increases in cortisol, several cytokines (i.e., IL-6, IL-8 and 
IL-4) and immune-endocrine interactions which demonstrate how a rise in IL-6 is 
linked to elevated cortisol, the introduction of follow-up measures in the days after an 
deployment represents an important next step for this area of firefighting research. For 
instance, such measures may provide useful information on the ability of inflammatory 
and HPA-axis responses to recover. If recovery time is prolonged, this could lead to 
the development of adverse health outcomes (Geurts et al. 2006). Although not 
assessing follow-up measures is an acknowledged limitation of this work, cumulative 
trends for increasing cortisol and pro-inflammatory cytokines (i.e., IL-6, IL-8 and IL-
4) support further research to establish the amount and/or number of recovery sleep(s) 
necessary to restore cortisol and cytokine levels to baseline following a deployment. 
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Of priority, is to now measure cortisol and cytokine levels after the 8-h recovery sleep 
that all participants had prior to leaving the testing venue in the current series of 
studies. Accordingly, our research team plans to examine these follow-up measures 
along with samples taken after an extra work circuit on the day following the simulated 
deployment. This would aid fire-agencies in determining the minimum recovery time 
needed for the same personnel to safely return to the same or another fire-ground or 
other demanding emergency events and hazards (e.g., rescues, floods etc.). Premature 
return may exacerbate inflammatory and cortisol responses and increase the risk of 
adverse long-term health outcomes. 
 
The ratio between physical work and recovery time (i.e., rest and sleep opportunities) 
in wildland fire operations can vary depending on a range of factors related to the fire. 
Often, sedentary factors such as extended travel time between the fire line and camp, 
difficulty sleeping in an unfamiliar and noisy environment at the camp site and 
winding down after a shift can contribute to sleep restriction on the fire-ground (Cater 
et al., 2007). To reflect these conditions, sleep restricted firefighters were free to 
perform sedentary leisure activities (e.g., watching television, reading, playing cards 
etc.) until the delayed bedtime (i.e., 02:00). The study design enabled the same amount 
of simulated physical work to be studied in both conditions, which allowed for an 
easier interpretation of observed stress responses. However, at times firefighters need 
to control the spread of wildfire without relief from other personnel (e.g., wildfires in 
remote locations). In these instances, firefighters may have their shifts lengthened 
(Cater et al., 2007) resulting in less time for sleep. Consequently, the combined impact 
prolonged periods of physical work which extend to the onset of shortened sleep 
opportunities have on cortisol, inflammatory and psycho-physiological responses 
could be greater than that found in the current thesis. Accordingly, further research 
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should examine how different ratios of physical work to sleep time impact acute 
physiological and psychological stress responses. 
 
The 3-day and 2-night protocol examined in the present series of studies was chosen 
to reflect the period firefighters are typically deployed to fight campaign fires in 
Australia (Cater et al. 2007; Ferguson et al. 2011). However, firefighters can be 
deployed to fight wildfires that exceed 3 days (e.g., 5 to 14 day wildfire deployments; 
Cuddy et al. 2007; Ruby et al. 2003; Ruby et al. 2002). Therefore the acute increases 
in cytokine (i.e., IL-6, IL-8 and IL-4) and cortisol levels, immune-endocrine 
interactions and psychophysiological responses observed in the current work are not 
necessarily generalizable to longer deployments. Future research should therefore 
examine how extended periods (e.g., 5 to 14 days) of physical work and sleep 
restriction impact these stress responses among personnel. Understanding how these 
stress systems respond when exposed to occupational demands over longer durations 
will provide fire agencies with important knowledge for managing fatigue-related risks 
among personnel combating extended wildfires. In addition to firefighting, physically 
demanding occupations that have consecutive 7- to 14-day work periods and reported 
sleep disturbances (e.g., offshore oil and gas installations; Parkes 2012) may benefit 
from further examining concurrent stress responses to these demands.  
 
Considering that cortisol and certain cytokines (i.e., IL-6, IL-8 and IL-4) were found 
to respond to a single simulated deployment, it is necessary further research examines 
how repeated periods of combined sleep restriction and wildland firefighting work 
affects these responses. Indeed, there is likely to be an increased demand for more 
firefighting deployments each year, given that summers are becoming increasingly 
longer (Bureau of Meteorology et al. 2014) and there is a decrease in the numbers of 
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personnel, especially volunteers, involved in Australian (McLennan et al. 2005) and 
United States of America (Karter et al. 2013) wildland firefighting activities. As a 
consequence, this may expose firefighting personnel to repeated periods of combined 
physical work and sleep restriction. Physically demanding occupations that involve 
shift rotations and have reported sleep disturbances (e.g., offshore oil and gas 
installations; Parkes 2012), may also encounter repeated exposure to these demands. 
Although physiological responses are capable of adapting to repeated stressors 
(McEwen 1998), if the stress exposure is severe (e.g., length of exposure and shortened 
time between exposures), frequent experience may exacerbate the inflammatory and 
cortisol response over a longer period of time (e.g., over a fire season). Prolonged 
inflammatory and cortisol levels may increase the risk of adverse long-term health 
outcomes such as cardiovascular disease (CVD; Lippi et al. 2008; Rosmond et al. 
2003; Willerson et al. 2004) and depression (Dantzer et al. 2008; Mackin et al. 2004). 
In addition to cortisol, research should examine how exposure to sleep loss and 
physical work among firefighters’ may alter other hormonal axes, such as the growth 
hormone/insulin-like growth factor axis and the luteinizing hormone/testosterone axis, 
linked to the pathophysiology of CVD (Colao 2008; Hyde et al. 2011). 
 
7.2.3 Psychophysiological relationships and fire-ground monitoring of stress 
responses 
At present, occupational-based research investigating psychophysiological 
relationships between stress responses is limited. Study 4 advances this area by 
showing that when exposed to sleep restriction while performing simulated 
firefighting work, both positive and negative mood dimensions relate to certain 
inflammatory and cortisol responses. The observed increases in positive mood 
dimensions related to a rise in IL-6, IL-8 and TNF-α provide the first evidence of this 
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relationship in an occupational setting. One application of these findings could be that 
psychological mood measures can be used to monitor physiological responses on the 
fire-ground. Compared to collecting and analysing blood and/or saliva samples to 
evaluate inflammatory and HPA-axis function, monitoring these responses using 
mood measures offers a less invasive and more practical option (e.g., more immediate 
results, no storage of samples etc.). However, further assessment of positive mood is 
necessary. It is possible that current research suggesting the relationship between 
positive mood and immune markers could be a function of affective arousal (i.e., level 
of activation to de-activation) rather than valance (i.e., level of pleasantness to 
unpleasantness) related to the expression of positive moods (Marsland et al. 2007). If 
this is the case, measures that examine the arousal and valance dimensions of mood in 
detail would allow for further insight regarding how positive mood and physiological 
responses are related and what relevance this has for the health of firefighters and 
personnel with similar occupational demands (e.g., military, search and rescue 
personnel). Examples of mood measures which assess valance and arousal dimensions 
include the bioinformational model (Lang 1978) and the self assessment manikin 
(Bradley et al. 1994). Additional follow-up testing that tracks how mood and cytokine 
responses relate post-deployment could enable a greater understanding of the complex 
relationships between positive mood and the immune system. 
 
Positive associations between an increase in negative mood dimensions and elevated 
cytokine (i.e., IL-6, TNF-α, IL-10) and cortisol levels during physical work and 
restricted sleep provide information for fire agencies about subjective fire-ground 
indicators of physiological changes. These findings provide a basis from which to 
investigate whether the magnitude of inflammatory and cortisol alterations associated 
with a negative mood carry relevance to the pathogenesis of health outcomes such as 
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cardiovascular and metabolic diseases and depression, especially in light of their 
increased prevalence in some firefighting populations (An et al. 2015; Carey et al. 
2011; Cook et al. 2013; Kales et al. 2007; Wolkow et al. 2014). Ultimately, this could 
help establish thresholds for mood measures that accurately reflect and help predict 
health-related cortisol and inflammatory changes. 
 
The present controlled laboratory study allowed for the quantification of acute 
inflammatory, SAM system, HPA-axis and psychological stress responses to sleep 
restriction while performing multiple days of simulated physical work. An evidence-
based approach was taken to replicate a campaign fire deployment by using highly 
representative simulated fire suppression tasks, sleeping conditions and types of food 
and drink provided. However, the artificial environment did not capture some elements 
of live firefighting. For instance, limited access to research space and equipment meant 
that it was only possible to simultaneously assess firefighters in groups of 3 to 5, which 
is different to crew sizes in some parts of the world (e.g., ~ 20 firefighters in rural 
USA; Cuddy et al. 2007). Although research is limited, interactions between people in 
small groups when compared to larger groups can impact psychological responses 
differently. For instance, smaller group size and density may evoke greater hostility 
and aggressiveness respectively (Doll et al. 1971; Schettino et al. 1976). Therefore, the 
psychophysiological relationships observed in Study 4 are most applicable to tanker-
based teams that operate in groups of 3 to 5 (Phillips et al. 2012). Additional testing 
that verifies if the psychological measures examined reflect acute physiological 
changes among firefighting teams of different sizes will ensure their ecological 
validity for application to larger groups on the fire-ground. Furthermore, although 
females make up a smaller percentage (17%) of wildland firefighters in Australia 
(McLennan et al. 2005), research with larger samples will help determine how sex, 
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and other demographic factors (e.g., age, BMI), impact firefighters’ 
psychophysiological stress responses to physical work and restricted sleep. Together, 
these next steps (i.e., establishing thresholds and validating with different firefighting 
conditions and larger samples) will help refine the ability of psychological measures 
to accurately monitor firefighters, and if necessary, intervene before their health is 
impaired.  
 
The physical intensity, radiant heat and life or death consequences of live fire 
suppression activities are difficult to simulate away from the fire-ground. These real-
world stressors encountered by personnel may elicit significant physiological and 
psychological stress responses. In the current study, the simulation of physical work 
and sleep restriction in isolation, may therefore remove other frequently encountered 
stressors from firefighters working conditions. Consequently, it is possible the current 
results slightly underestimate firefighters’ neuroendocrine, inflammatory and 
psychological responses when exposed to these, and other demands faced in real world 
settings. Preparatory or post-fire work performed in mild temperatures, such as that 
simulated in the current study, does however represent a significant proportion of 
firefighting (Budd et al. 1997; Raines et al. 2013; Rodríguez-Marroyo et al. 2012). 
Moreover, on completion of the simulated deployment, firefighters provided feedback 
indicating that the duration, intensity and timing of the physical work and sleep 
restriction examined in the current study reflected exposure to these stressors involved 
in preparatory or post-fire work on the fire-ground. This makes the findings from this 
thesis highly applicable to a large portion of firefighting operations, in addition to 
related industries which expose personnel to sleep restriction while performing 
physical work in mild temperatures (e.g., maintenance workers and other emergency 
services). Nevertheless, confirming the findings from this thesis in the field represents 
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an essential next step for this area of research, which despite the methodological 
challenges, will afford insights with greater ecological validity to fire and other 
hazardous occupational settings. 
 
7.2.4 Stress responses and chronic health outcomes 
Acute increases in pro-inflammatory cytokines (IL-8 and IL-6; Study 1), cortisol 
(Study 2) and an imbalance between these systems (i.e., immune-endocrine 
relationship; Study 3) evident in this body of work highlight potential stress response 
pathways which, over time, may adversely impact physical and psychological health. 
For instance, chronically elevated cortisol and inflammatory responses as well as 
altered immune-endocrine functioning have been implicated in the pathophysiology of 
adverse long-term health outcomes, such as cardiovascular and metabolic diseases 
(Lippi et al. 2008; Nijm et al. 2007; Rosmond et al. 2003) and depression (Dantzer et 
al. 2008; Mackin et al. 2004). This may be of further concern to Australian wildland 
fire agencies who have an ageing volunteer firefighter workforce (McLennan et al. 
2005), given the potentially harmful impact older age can have on increasing the 
circulation of both IL-6 and IL-8 (Bruunsgaard et al. 2001; Rink L et al. 1998) and 
prolonging the IL-8 response to occupational stressors (Dutheil et al. 2013). This may 
suggest that older firefighters need extended recovery times following a fire-ground 
deployment. Further research could also investigate potential fire-ground strategies 
such as a moderate ingestion of carbohydrates (e.g., up to 60 grams per hour of 
physical work) and certain supplements (e.g., quercetin; Walsh et al. 2011) shown to 
dampen inflammation, thereby also preventing potential increases in evening cortisol. 
 
Expression of positive associations between negative mood and cortisol, as well as 
inflammatory changes (Study 4), if persistent, have been further linked to chronic 
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health outcomes such as depression (Lutgendorf et al. 2008; Musselman et al. 2001). 
Indeed mood disorders (An et al. 2015; Carey et al. 2011; Cook et al. 2013), along 
with CVD are particularly prevalent among some firefighting populations (Kales et al. 
2007; Wolkow et al. 2014). However, there is no evidence of an increase in CVD-
related mortality (Glass et al. 2014) or a higher prevalence of CVD risk factors for 
Australian wildland firefighters when compared to the general population (Wolkow et 
al. 2014). Therefore, research is needed to establish if the acute stress responses 
observed after a single deployment are independently related to long-term health 
outcomes among wildland firefighters worldwide. Additional studies that employ 
longitudinal designs are necessary to understand if and how multiple deployments to 
the fire-ground over a fire season, and over multiple fire seasons impact cortisol, 
inflammatory and psychophysiological responses over the long-term. Gathering 
further morbidity and mortality data from this population of Australian wildland 
firefighters will help determine the degree to which responses may be linked to adverse 
health outcomes (e.g., CVD, depression). Insights provided by such research may help 
fire agencies in determining whether additional precautions are needed to mitigate the 
potential risks that physical work and sleep restriction pose to firefighters’ health over 
their life cycle.  
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A.2 Medical questionnaire 
Occupational and environmental factors impacting firefighter performance 
Name_________________________________________ 
1 What is your age?____________ years 
 
2 Gender:         Male            Female     
 
3 Domestic status: 
Married / Living with a partner   
Separated / Divorced    
Widowed     
Single      
 
4 Do you have children living at home with you?          Yes            No     
 
5 If yes, how many? ______  and how old are they?     1 )_______    2)_______    3)_______    
4)_______  5) _______   
  
6 Do you consume caffeinated products (eg coffee, tea, cola, energy drinks, chocolate bars etc)?         
Yes            No        
If YES, adding all of these together, how many items do you normally consume each day? 
__________________ 
7 Do you describe yourself as a: 
 Regular smoker                                                                                      Occasional smoker 
(I smoke one or more cigarettes per day)                                       (I do not smoke every day)            
   
 Ex-smoker                                                                                                 Non-smoker  
(I used to smoke but not anymore)                                                    (I have never 
smoked regularly)    
 
8 How often do you drink alcohol? 
 Never         Less than once per week         Once or twice per week         Once every two 
days          Daily 
 
9 On a typical drinking occasion, how many drinks do you have? (One drink equals a glass of beer, 
a glass of wine or a shot of liquor). 
    None            Less than 2 drinks            2-4 drinks            5-6 drinks  
         
10 Have you travelled overseas in the last four weeks?               No            Yes 
 If YES, when and where did you travel?  
_________________________________________________________________________________ 
WORK 
11 Are you, or have you ever been, involved in shift work?               Yes            No 
 If YES, when were you involved in shift work, and for how long? 
_______________________________________________________________________________ 
 _______________________________________________________________________________ 
 
12 Are you currently employed?               Yes            No 
If YES, what is your current occupation? 
______________________________________________________________________________
13 How often do you work? 
    Full-time            Part-time            Casual            Seasonal            Self-employed 
 
FIREFIGHTING HISTORY 
14 Years of fire fighting experience (volunteer and/or salaried? 
_____________________________________________________________________________ 
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15 How long have you been a member of the CFS?  
__________________________________________________________________________ 
 
16 What training have you completed? 
_________________________________________________________________________ 
17 Approximate number of campaign deployments? _________________________________ 
 
18 When were you last called for a job to which you responded/attended? 
_________________________________________________________________________ 
 
HEALTH 
19 Do you have a history of: Yes No Don’t 
know 
Serious accident, head injury or concussion?    
Epilepsy or other neurological disorders?    
Unexplained loss of consciousness?    
Migraine headaches?    
Respiratory problems?    
Chronic depression or another psychiatric problem?    
Cardiovascular disease (e.g. heart attack, stroke)?    
Substance abuse?    
Recreational drug use? 
 
   
 
20 Has anyone ever told you that you? Yes No Don’t 
Know 
Are overweight?     
Have high blood pressure?    
Have a heart murmur?     
Are asthmatic?    
Are diabetic?    
    
21 Have you ever had? Yes No Don’t 
Know 
Chest pain, chest discomfort, chest tightness or chest heaviness?     
Shortness of breath out of proportion to exercise undertaken?    
Sensations of abnormally fast and/or irregular heart beat?      
Episodes of fainting, collapse or loss of consciousness?         
Abnormal bleeding (i.e. longer than normal bleeding time) or bruising?     
If you answered ‘yes’ to any parts of Questions 20, 21 and 22 above, please provide details regarding 
any restrictions or cautions that may need to be taken during the course of the study. 
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________ 
 
22 Have you ever suffered any musculoskeletal injury or had a disorder that has impaired your 
movement or functioning?  
    Yes            No            Don’t Know 
If YES, please elaborate: 
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________ 
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23 Do you have a cardiac pacemaker or other implanted electro-medical device?  
    Yes            No            Don’t Know 
If YES, please elaborate: 
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________ 
 
24 Are you currently taking any medications?                 Yes            No 
  If YES, please list the medications 
__________________________________________________________________________________ 
__________________________________________________________________________________ 
__________________________________________________________________________________ 
 
25 Do you have any allergies (e.g. to any food, Finalgon or Deepheat creams, tapes or bandaids 
(adhesives), latex etc)? If YES, please list the allergies 
__________________________________________________________________________________ 
__________________________________________________________________________________
__________________________________________________________________________________ 
 
26 Will you be having a medical procedure or travelling by aeroplane in the next month?  
    Yes            No            Don’t Know 
 
SLEEP 
27 How many hours of sleep do you need to feel rested?  _____________ hours 
   
28 How satisfied are you with the amount of sleep you get?   
Very dissatisfied      1     2     3     4     5     6     7     8     9     10      Very Satisfied 
 
29 Overall, how would you rate the quality of your sleep? 
  
   very poor       poor       fair       good       very good       excellent 
 
30 Have you ever been diagnosed with a sleeping problem?                     No            Yes 
If YES, please describe 
__________________________________________________________________________________
__________________________________________________________________________________
__________________________________________________________________________________ 
31 How often do you take naps? (e.g. never,  occasionally, once a day, twice a week) 
__________________________________________________________________________________ 
 
32 How likely are you to doze off or fall asleep in the following situations, in contrast to feeling just 
tired? (This refers to your usual way of life in recent times.  If you have not performed a listed 
activity, make a guess at what you are likely to do during that activity).  PLEASE TICK ONE BOX 
PER LINE   
 Would 
never doze 
Slight 
chance 
Moderate 
chance 
High 
chance 
Sitting and reading 0 1 2 3 
Watching TV 0 1 2 3 
Sitting inactive in a public place (eg theatre, 
meeting) 
0 1 2 3 
As a passenger in a car for an hour without a break 0 1 2 3 
Lying down in the afternoon when circumstances 
permit 
0 1 2 3 
Sitting and talking to someone 0 1 2 3 
Sitting quietly after lunch without alcohol 0 1 2 3 
In a car, while stopped for a few minutes in traffic 
 
0 1 2 3 
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Please answer the following in relation to sleep timing  
x Please read each question very carefully before answering. 
x Please answer each question as honestly as possible. 
x Answer ALL questions 
x Each question should be answered independently of others.  Do NOT go back and check your 
answers. 
 
x What time would you get up if you were entirely free to plan your day? 
5:00 – 6:30 AM   
6:30 – 7:45 AM   
7:45 – 9:45 AM   
9:45 – 11:00 AM   
11:00 – 12 Noon   
12 Noon – 5:00 AM  
x What time would you go to bed if you were entirely free to plan your evening? 
8:00 – 9:00 PM   
9:00 – 10:15 PM   
10:15 – 12:30 AM  
12:30 – 1:45 AM   
1:45 – 3:00 AM   
3:00 AM – 8:00 PM  
x If there is a specific time at which you have to get up in the morning, to what extent do you 
depend on being woken up by an alarm clock? 
Not all dependent  
Slightly dependent  
Fairly dependent   
Very dependent   
x How easy do you find it to get up in the morning (when you are not woken up unexpectedly)? 
Not all easy   
Not very easy   
Fairly easy   
Very easy   
x How alert do you feel during the first half-hour after you wake up in the morning? 
Not all alert   
Slightly alert   
Fairly alert   
Very alert   
x How hungry do you feel during the first half hour after you wake up in the morning? 
Not all hungry   
Slightly hungry   
Fairly hungry   
Very hungry   
x During the first half-hour after you wake up in the morning, how tired do you feel? 
Very tired   
Fairly tired   
Fairly refreshed   
Very refreshed   
x If you have no commitments the next day, what time would you go to bed compared to your 
usual bedtime? 
Seldom or never later  
Less than one hour later  
1 – 2 hours later   
More than two hours later  
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x You have decided to engage in some physical exercise.  A friend suggests that you do this for 
one hour twice a week and the best time for him is between 7:00 – 8:00 am.  Bearing in mind 
nothing but your own internal “clock”, how do you think you would perform? 
Would be in good form   
Would be in reasonable form  
Would find it difficult    
Would find it very difficult   
x At what time of day do you feel you become tired as a result of need for sleep? 
8:00 – 9:00 PM   
9:00 – 10:15 PM   
10:15 PM – 12:45 AM  
12:45 – 2:00 AM   
2:00 – 3:00 AM    
x You want to be at your peak performance for a test that you know is going to be mentally 
exhausting and will last for two hours.  You are entirely free to plan your day.  Considering 
only your own internal “clock”, which ONE of the four testing times would you choose? 
8:00 AM – 10:00 AM  
11:00 AM – 1:00 PM  
3:00 PM – 5:00 PM  
7:00 PM – 9:00 PM  
x If you got into bed at 11:00 PM, how tired would you be? 
Not at all tired   
A little tired   
Fairly tired   
Very tired   
x For some reason you have gone to bed several hours later than usual, but there is no need to 
get up at any particular time the next morning.  Which ONE of the following are you most 
likely to do? 
Will wake up at usual time, but will NOT fall back asleep  
Will wake up at usual time and will doze thereafter   
Will wake up at usual time but will fall asleep again   
Will NOT wake up until later than usual    
x One night you have to remain awake between 4:00 – 6:00 AM in order to carry out a night 
watch.  You have no commitments the next day.  Which ONE of the alternatives will suite you 
best? 
Would NOT go to bed until watch was over   
Would take a nap before and sleep after   
Would take a good sleep before and nap after  
Would sleep only before watch    
x You have to do two hours of hard physical work.  You are entirely free to plan your day and 
considering only your own internal “clock” which ONE of the following time would you 
choose? 
8:00 AM – 10:00 AM   
11:00 AM – 1:00 PM   
3:00 PM – 5:00 PM   
7:00 PM – 9:00 PM   
x You have decided to engage in hard physical exercise.  A friend suggests that you do this for 
one hour twice a week and the best time for him is between 10:00 – 11:00 PM.  Bearing in 
mind nothing else but your own internal “clock” how well do you think you would perform? 
Would be in good form   
Would be in reasonable form  
Would find it difficult   
Would find it very difficult    
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x Suppose that you can choose your own work hours.  Assume that you worked a FIVE hour day 
(including breaks) and that your job was interesting and paid by results).  Which FIVE 
CONSECUTIVE HOURS would you select? 
5 hours starting between 4:00 AM and 8:00 AM  
5 hours starting between 8:00 AM and 9:00 AM  
5 hours starting between 9:00 AM and 2:00 PM  
5 hours starting between 2:00 PM and 5:00 PM  
5 hours starting between 5:00 PM and 4:00 AM  
x At what time of the day do you think that you reach your “feeling best” peak? 
5:00 – 8:00 AM    
8:00 – 10:00 AM     
10:00 AM – 5:00 PM   
5:00 – 10:00 PM    
10:00 PM – 5:00 AM   
x One hears about “morning” and “evening” types of people.  Which ONE of these types do you 
consider yourself to be? 
Definitely a “morning” type     
Rather more a “morning” than an “evening” type   
Rather more an “evening” than a “morning” type   
Definitely an “evening” type     
33 Do you have any other condition or injury not previously mentioned that the researchers 
should be aware of (i.e. that would prevent you from undertaking your normal duties)?    
    No            Yes 
 
If YES, please elaborate 
___________________________________________________________________________
___________________________________________________________________________ 
 
Thank you for taking the time to fill in this questionnaire 
 
I believe the information I have provided to be true and correct. 
SIGNED:__________________________________ DATE:_________________________ 
 
 
This project is funded by the Bushfire CRC 
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TO:  Participants 
 
Consent Form 
Date:  
Full Project Title: Awake, smoky and hot: Workplace stressors when fighting 
bushfires 
Reference Number: [2010-170]. 
 
 
I have read and I understand the attached Plain Language Statement. 
I freely agree to participate in this project according to the conditions in the Plain 
Language Statement.  
I have been given a copy of the Plain Language Statement and Consent Form to 
keep.  
The researcher has agreed not to reveal my identity and personal details, including 
where information about this project is published, or presented in any public form.   
I give my specific consent to be filmed and photographed throughout testing and 
understand that the researchers may contact me again for my data to be used for 
other research purposes. 
 
Participant’s Name (printed) …………………………………………………………………… 
Signature ……………………………………………………… Date  ………………………… 
 
Should you wish to return your consent form (and have lost your reply-paid 
envelope), please send the forms to: 
Dr Brad Aisbett 
School of Exercise and Nutrition Sciences 
Deakin University 
Burwood VIC 3125 
Phone: 03 9244 6474   Fax: 03 9244 6017 
Email: brad.aisbett@deakin.edu.au  
A.3 Consent form 
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TO:  Participants 
 
 
Revocation of Consent Form 
(To be used for participants who wish to withdraw from the project) 
Date:  
Full Project Title: Awake, smoky and hot: Workplace stressors when fighting 
bushfires 
Reference Number: [2010-170]. 
 
 
 
I hereby wish to WITHDRAW my consent to participate in the above research project and 
understand that such withdrawal WILL NOT jeopardise my relationship with Deakin 
University or Country Fire Authority. 
 
Participant’s Name (printed) ……………………………………………………. 
Signature ………………………………………………………………. Date …………………… 
Please mail or fax this form to: 
Dr Brad Aisbett 
School of Exercise and Nutrition Sciences 
Deakin University 
Burwood VIC 3125 
Phone: 03 9244 6474   Fax: 03 9244 6017 
Email: brad.aisbett@deakin.edu.au
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Appendix B: Questionnaires 
B.1 Pre- and post-testing injury and illness questionnaire 
Pre-testing Questionnaire: 
All participants: 
Since you submitted your pre-participation medical questionnaire have you: 
x Suffered an injury or illness? yes/no (please circle) 
x Taken any form of medication in the last week? yes/no (please circle) 
If yes, what type of medication?_________________________________________________ 
What was the dosage you took?_________________________________________________ 
x Experienced any recent muscle or joint pain (e.g. back pain, muscle cramps or stiffness etc)?  
yes/no  (please circle) 
Remember: Please tell a researcher if you experience any twinges, pain or other discomfort 
whilst you're here. 
Additional medical questions: 
x Are you a smoker? yes/no  (please circle)  
If yes, approximately how many cigarettes do you smoke per day?___________________________  
What strength of cigarette do you smoke?_______________________________________________ 
Debrief or post-testing questionnaire: 
Did you experience any twinges, pain of discomfort while you were here? yes/no (please circle) 
If yes, on a scale of 1 to 10, how would you rate this 
pain?___________________________________________  
Do you think it affected your physical work during the testing period in 
anyway?_________________________ 
Female participants only: 
Since you submitted your pre-participation medical questionnaire have you: 
x Taken any form of medication (including oral contraceptives)?  yes/no  (please 
circle)  
If yes, what type of medication?________________________________________________________ 
Do you know the name of your medication?______________________________________________  
What dosage did you take? 
take?_____________________________________________________________ 
x When was your last 
period?____________________________________________________________ 
x Do you typically experience any of the following symptoms associated with menstruation: 
cramps 
bloating 
tenderness  
other (please explain)  
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B.2 Mood Scale II   
Please indicate to what extent (Not At All, Somewhat/Sometimes, Mostly/Generally) you 
experienced each emotion by placing a circle around the appropriate response. 
Energetic     Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Good                 Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Miserable                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Grouchy                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Inactive                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Uneasy                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Lively               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Contented                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Blue                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Mean                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Weary                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Alarmed              Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Alert                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Satisfied                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Depressed                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Annoyed                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Lazy                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Insecure               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Cheerful               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Calm                           Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Sad                           Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Angry                          Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Drowsy                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Afraid                          Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Vigorous               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Pleased               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Downcast               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Burned up               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
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Sluggish               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Jittery                          Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Active                           Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Happy                Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Low                           Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Irritated               Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Hopeless              Not At All  Somewhat/Sometimes  
 Mostly/Generally 
Steady                          Not At All  Somewhat/Sometimes  
 Mostly/Generally 
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B.3 Samn-Perelli Fatigue Scale 
When you are asked to “Rate your fatigue (1-7)” fill in the number that is your best estimate 
of your average fatigue level at that moment in time. Use this scale: 
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Appendix C: Copy of published paper 
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Appendix D: Additional model details and data 
D.1 Study 1 
D.1.1 Summary of fit for REML model for cytokine profiles 
 
  
Cytokine Model AIC ∆AIC Rank 
Log IL-6 Independence – Unbanded 737.18 3.30 3 
 Independence – Banded 737.57 3.69 4 
 Unstructured 734.99 1.11 2 
 Power Model 733.88 0.00 1 
 Linear Trends, No Spline 797.79 63.91 10 
 Common Spline for All Profiles 784.25 48.37 7 
 Separate Spline for Each Sequence Day 774.99 41.11 5 
 Separate Spline for Each Condition 787.25 53.37 9 
 Common Spline for All Profiles – 
Combo Factor 
784.25 50.37 8 
 Common Spline for Each Condition and 
Sequence Day 
780.60 46.72 6 
Log IL-8 Independence – Unbanded 801.21 5.08 4 
 Independence  – Banded 801.16 5.03 3 
 Unstructured 796.13 0.00 1 
 Power Model 800.48 4.35 2 
 Linear Trends, No Spline 842.03 45.90 9 
 Common Spline for All Profiles 826.67 30.54 5 
 Separate Spline for Each Sequence Day 831.62 35.49 7 
 Separate Spline for Each Condition 829.88 33.75 6 
 Common Spline for All Profiles – 
Combo Factor 
826.67 30.54 5a 
 Common Spline for Each Condition and 
Sequence Day 
834.92 38.79 8 
Log IL-1β Independence – Unbanded 1284.03 2.83 4 
 Independence – Banded 1283.20 2.00 2 
 Unstructured 1281.20 0.00 1 
 Power Model 1283.75 2.55 3 
 Linear Trends, No Spline 1323.62 42.42 6 
 Common Spline for All Profiles 1323.61 42.41 5 
 Separate Spline for Each Sequence Day 1325.04 43.84 8 
 Separate Spline for Each Condition 1324.60 43.40 7 
 Common Spline for All Profiles – 
Combo Factor 
1323.61 42.41 5a 
 Common Spline for Each Condition and 
Sequence Day 
1325.44 44.24 9 
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D.1.1 Continued 
AIC  = Akaike information criteria 
  
Cytokine Model AIC ∆AIC Rank 
Raw TNF-α Independence – Unbanded 1807.88 7.02 3 
 Independence – Banded 1808.71 7.85 4 
 Unstructured 1800.86 0.00 1 
 Power Model 1807.14 6.28 2 
 Linear Trends, No Spline 1874.33 73.47 9 
 Common Spline for All Profiles 1863.88 63.02 5 
 Separate Spline for Each Sequence 
Day 
1866.62 65.76 7 
 Separate Spline for Each Condition 1865.62 64.76 6 
 Common Spline for All Profiles – 
Combo Factor 
1863.88 63.02 5a 
 Common Spline for Each 
Condition and Sequence Day 
1867.44 66.58 8 
Log IL-4 Independence – Unbanded 1326.18 0.48 2 
 Independence – Banded 1325.70 0.00 1 
 Unstructured 1334.43 8.73 4 
 Power Model 1327.65 1.95 3 
 Linear Trends, No Spline 1370.74 45.04 7 
 Common Spline for All Profiles 1369.33 43.63 5 
 Separate Spline for Each Sequence 
Day 
1372.74 47.04 8 
 Separate Spline for Each Condition 1369.86 44.16 6 
 Common Spline for All Profiles – 
Combo Factor 
1369.33 43.63 5a 
 Common Spline for Each Condition
and Sequence Day 
1372.74 47.04 8a 
Log IL-10 Independence – Unbanded 813.26 14.38 3 
 Independence – Banded 814.94 16.06 4 
 Unstructured 798.88 0.00 1 
 Power Model 805.65 6.77 2 
 Linear Trends, No Spline 825.89 27.01 5 
 Common Spline for All Profiles 826.08 27.20 6 
 Separate Spline for Each 
Sequence Day 
827.60 28.72 8 
 Separate Spline for Each 
Condition 
826.66 27.78 7 
 Common Spline for All Profiles – 
Combo Factor 
826.08 27.20 6a 
 Common Spline for Each 
Condition and Sequence Day 
827.84 28.96 9 
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D.1.2 Results of unstructured LMM for log-transformed IL-8 profile 
Fixed Effects n.d.f F statistic P 
condition 1 9.39 0.021 
seqday 2 0.04 0.964 
time 3 16.57 <0.001 
condition.day 2 0.11 0.894 
condition.time 3 0.54 0.656 
day.time 6 0.52 0.789 
condition.day.time 6 1.73 0.121 
Random Effects Parameter Estimate SE 
profile.sample V_11 0.4852 0.0718 
 V_21 0.2750 0.0709 
 V_22 0.7607 0.1129 
 V_31 0.2865 0.0620 
 V_32 0.2905 0.0734 
 V_33 0.5205 0.0792 
 V_41 0.2249 0.0573 
 V_42 0.3209 0.0722 
 V_43 0.3192 0.0643 
 V_44 0.4751 0.0725 
n.d.f = numerator degrees of freedom; SE = standard error 
 
D.1.3 Results of unstructured LMM for log-transformed IL-6 profile 
Fixed Effects n.d.f F statistic P 
condition 1 1.87 0.222 
seqday 2 3.10 0.050 
time 3 24.65 <0.001 
condition.day 2 0.19 0.829 
condition.time 3 3.72 0.014 
day.time 6 7.45 <0.001 
condition.day.time 6 1.08 0.377 
Random Effects Parameter Estimate SE 
profile.sample V_11 0.5183 0.0787 
 V_21 0.3172 0.0706 
 V_22 0.6360 0.0963 
 V_31 0.2533 0.0564 
 V_32 0.3368 0.0657 
 V_33 0.4179 0.0621 
 V_41 0.3116 0.0658 
 V_42 0.3735 0.0748 
 V_43 0.3575 0.0628 
 V_44 0.5593 0.0823 
n.d.f = numerator degrees of freedom; SE = standard error 
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D.1.4 Pairwise comparison of predicted REML means for logged IL-6 profile between 
days and within the same condition and time of day 
Condition Time (h) Comparison Difference LSD P Sig 
SR 6.15 Day 1 v Day 2 0.5016 0.6158 0.0927 NS 
SR 11.30 Day 1 v Day 2 0.4864 0.6927 0.1354 NS 
SR 18.15 Day 1 v Day 2 0.1573 0.5586 0.5136 NS 
SR 21.30 Day 1 v Day 2 0.0250 0.6415 0.9266 NS 
SR 6.15 Day 1 v Day 3 0.7423 0.6158 0.0259 * 
SR 11.30 Day 1 v Day 3 0.2983 0.6921 0.3294 NS 
SR 18.15 Day 1 v Day 3 0.0151 0.5545 0.9486 NS 
SR 21.30 Day 1 v Day 3 0.0071 0.6415 0.9791 NS 
SR 6.15 Day 2 v Day 3 0.2407 0.6214 0.3768 NS 
SR 11.30 Day 2 v Day 3 0.1880 0.6869 0.5250 NS 
SR 18.15 Day 2 v Day 3 0.1422 0.5586 0.5534 NS 
SR 21.30 Day 2 v Day 3 0.0321 0.6415 0.9058 NS 
CON 6.15 Day 1 v Day 2 0.2461 0.6037 0.3543 NS 
CON 11.30 Day 1 v Day 2 0.9543 0.6666 0.0131 * 
CON 18.15 Day 1 v Day 2 0.0093 0.5386 0.9673 NS 
CON 21.30 Day 1 v Day 2 0.1051 0.6230 0.6919 NS 
CON 6.15 Day 1 v Day 3 0.6677 0.6039 0.0355 * 
CON 11.30 Day 1 v Day 3 0.5432 0.6722 0.0948 NS 
CON 18.15 Day 1 v Day 3 0.3199 0.5385 0.1944 NS 
CON 21.30 Day 1 v Day 3 0.0035 0.6230 0.9893 NS 
CON 6.15 Day 2 v Day 3 0.4216 0.6037 0.1371 NS 
CON 11.30 Day 2 v Day 3 0.4111 0.6719 0.1833 NS 
CON 18.15 Day 2 v Day 3 0.3293 0.5386 0.1836 NS 
CON 21.30 Day 2 v Day 3 0.1086 0.6230 0.6822 NS 
LSD = least significant differences; NS = not significant  * = P < 0.05 
 
D.2 Study 2 
D.2.1 Summary of fit for REML model for logged cortisol profile 
 
  
Model AIC ∆AIC Rank 
Independence model 1486.52 132.69 6 
Power model without spline 1366.91 13.08 2 
Power model with common spline for all profiles 1353.83 0.00 1 
Power model with separate spline for each sequence 
day 
1401.50 47.67 4 
Power model with separate splines for each 
condition 
1370.46 16.63 3 
Power model with spline for each combination of 
condition and sequence day 
1442.47 88.64 5 
AIC =  Akaike information criteria 
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D.2.2 Summary of fit for REML model for logged cortisol AUC 
 
 
 
 
D.2.3 Summary of fit for REML model for daily HR 
D.2.4 Results of LMM for logged cortisol profile 
Fixed Effects n.d.f F statistic P 
condition 1 9.35 0.023 
seqday 2 4.54 0.013 
time 1 984.72 <0.001 
condition.day 2 3.68 0.029 
condition.time 1 8.2 0.005 
day.time 2 5.59 0.004 
condition.day.time 2 0.73 0.484 
Random Effects Estimate SE 
spline(time) 1.0566 0.5926 
group 0.0022 0.0065 
profile 0.0814 0.0175 
profile.sample 0.4291 0.0461 
n.d.f = numerator degrees of freedom; SE = standard error 
 
  
Model AIC ∆AIC Rank 
Identity model 580.86 14.48 3 
Banded model 579.70 13.32 2 
Unstructured model 566.38 0.00 1 
AIC =  Akaike information criteria    
Model AIC ∆AIC Rank 
Independence model 76565.01 3125.14 2 
AR model without spline 73439.87 0.00 1 
AR model with common spline for all profiles 77982.30 4542.13 4 
AR model with separate spline for each 
sequence day 
77290.17 3850.30 3 
AR model with separate splines for each 
condition 
78398.92 4959.05 5 
AR model with spline for each combination of 
condition and sequence day 
78445.35 5005.48 6 
AIC =  Akaike information criteria; AR = autoregressive 
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D.2.5 Results of REML model for logged cortisol AUC 
Fixed Effects n.d.f F statistic P 
seqday 2 7.35 0.002 
condition 1 5.54 0.025 
Seqday.condition 2 8.22 0.001 
Random Effects Parameter Estimate SE 
subject.seqday V_11 30.53 7.52 
 V_21 24.33 6.98 
 V_22 33.21 8.18 
 V_31 16.72 5.77 
 V_32 26.22 6.91 
 V_33 26.78 6.59 
n.d.f = numerator degrees of freedom; SE = standard error 
 
D.2.6 Results of REML for daily HR 
Fixed Effects n.d.f F statistic P 
condition 1 0.29 0.591 
seqday 2 0.18 0.834 
time 1 19.96 <0.001 
condition.day 2 2.83 0.066 
condition.time 1 1.24 0.266 
day.time 2 5.86 0.003 
condition.day.time 2 4.38 0.013 
Random Effects Estimate SE 
subject.day.time 95.43 1.76 
n.d.f = numerator degrees of freedom; SE = standard error 
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D.3 Study 4 
 
D.3.1 Interactions and slope (b) coefficients for Mood Scale II and cytokine response 
relationships 
Interaction Condition Day Time Slope (b) 
Mood Scale II and Daily Cytokine Profiles 
Condition ° Activation for IL-6 SR   0.493 
CON   0.115 
Day ° Fear for IL-6  1  0.385 
 2  0.047 
 3  -0.993 
Time ° Happiness for IL-6   6:15 -0.294 
  11:30 -0.033 
  18:15 0.438 
  21:30 0.084 
Condition ° Happiness for IL-8 SR   0.841 
CON   0.237 
Day ° Happiness for IL-8  1  0.841 
 2  0.232 
 3  -0.125 
Day ° Activation for IL-1β  1  0.552 
 2  0.903 
 3  1.803 
Day ° Fatigue for IL-1β  1  0.077 
 2  1.081 
 3  0.903 
Condition ° Happiness for TNF-
α 
SR   2.688 
CON   -0.257 
Day ° Happiness for TNF-α  1  2.688 
 2  1.428 
 3  -0.049 
Mood Scale II and Morning Fasting Cytokine Measures 
Condition ° Fear for TNF-α SR  N/A 3.953 
CON  N/A -0.447 
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D.3.2 Interactions and slope (b) coefficients for Samn-Perelli Fatigue Scale (both mean 
and profile) and cytokine and cortisol response relationships 
Interaction Condition Day Time Slope (b) 
Samn-Perelli Fatigue Scale Daily Mean and Cytokine Profiles 
Condition ° Time ° Samn-Perelli 
Fatigue Scale Daily Mean for IL-6 
SR  6:15 0.159 
SR  12:00 0.532 
SR  18:15 0.281 
SR  21:30 0.350 
CON  6:15 0.045 
CON  12:00 0.156 
CON  18:15 0.237 
CON  21:30 0.097 
Condition ° Samn-Perelli Fatigue 
Scale Daily Mean for TNF-α 
SR   1.710 
CON   0.529 
Time ° Samn-Perelli Fatigue Scale 
Daily Mean for TNF-α 
  6:15 1.710 
  12:00 1.675 
  18:15 1.092 
  21:30 1.547 
Condition ° Samn-Perelli Fatigue 
Scale Daily Mean for IL-10 
SR   0.037 
CON   -0.292 
Samn-Perelli Fatigue Scale Daily Profile and Cortisol AUC 
Condition ° Samn-Perelli Fatigue 
Scale Daily Profile for cortisol AUC 
SR  N/A 0.131 
CON  N/A -0.214 
Samn-Perelli Fatigue Scale Daily Mean and Cortisol AUC 
Condition ° Samn-Perelli Fatigue 
Scale Daily Mean for cortisol AUC 
SR  N/A 1.275 
CON  N/A -1.227 
 
D.3.3 Total sleep time (mean ± SD) for each night in both conditions (h) 
Night CON SR 
Pre-study 1 7.3 ± 1.4 6.7 ± 0.9 
Pre-study 2 6.7 ± 1.3 6.2 ± 1.4 
1 (adaptation) 6.3 ± 0.9 6.4 ± 0.7 
2 6.9 ± 0.4 3.6 ± 0.2* 
3 6.9 ± 0.5 3.7 ± 0.2* 
* = P < 0.001 between conditions 
 
